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1 Introduction 

The term electrocatalysis (derived from Greek elektron – amber and kata-lyein – ease or 

aid) is used in the field of electrochemistry. Electrochemistry is the science of chemical 

effects that are caused by an electric field and of electric effects that are due to a chemical 

reaction. Hence, electrochemistry refers to a large research field encompassing numerous 

different phenomena, such as electrophoresis or corrosion. In contrast, electrocatalysis 

corresponds to a specific correlation in the field of electrochemistry: It defines a change 

in the rate and selectivity of an electrochemical reaction, which is caused by a substance 

that participates in the reaction but is neither consumed nor chemically changed [1, 2]. 

The change in the reaction rate and selectivity is closely related to adsorption of reactants, 

intermediates and/or products on the surface of so-called electrocatalysts. Therefore, 

electrocatalytic reactions are in general very surface sensitive and determined by specific 

properties of the electrocatalyst. 

The classical example of an electrocatalytic reaction is the hydrogen evolution reaction 

(HER) at platinum (Pt) electrodes, which has been investigated extensively since the 

beginning of the 20
th

 century [3-11]. However, at that time electrode structures were often 

poorly defined, such that systematic investigations of the complex underlying multistep 

mechanism were not possible. Today, the preparation and characterization of single 

crystal surfaces are well-understood and documented [12-16]. Nevertheless, investigation 

of the HER at these defined electrode surfaces was not enough to reveal and identify the 

reaction mechanism. First, there is no unique reaction mechanism for all kinds of 

electrode material (compare with e.g. [17-20]) and second, the utilization of small 

nanoparticles showed that the electrochemical properties of a certain material can be 

altered to a great extent [21]. For instance, a gold (Au) surface is usually inert in 

electrochemical experiments, i.e. it does not yield a considerable current in an 

electrochemical reaction unless very high potentials are applied. However, nanoparticles 

of Au with a diameter between 5nm and 30nm on highly oriented pyrolytic graphite 

(HOPG) show an enhanced activity for the oxygen reduction reaction (ORR), when 

compared to the extended Au surface [22]. Thus, in spite of greatly improved techniques, 

even nowadays it remains a challenge to correlate electrode geometry to activity: 
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Systematic investigations are complicated because of multiple, partly linked parameters 

such as size and spacing of catalyst particles, type of support material and electrolyte. 

Hence, the hydrogen electrode is revisited once again to illustrate this correlation: In the 

last years, an activity enhancement regarding hydrogen evolution and oxidation reaction 

(HER, HOR) on palladium (Pd) and platinum catalyst monolayers and submonolayers on 

Au(111) supports was found with respect to bulk Pd and Pt. In particular, an increase of 

the catalytic activity is on the one hand found for decreasing amounts of Pd and Pt [23-

28] and on the other hand for an increasing defect density on the Au surface [23, 29]. 

However, such an enhancement does not occur for Pt on HOPG or single-crystalline 

diamond [30-32]. While the interaction of Pt nanoislands/-particles with Au(111) is 

relatively strong, the opposite holds true for carbon supports. Since the physical and 

chemical background underlying these results is still not completely understood it is 

important to thoroughly investigate the above mentioned systems experimentally and 

theoretically. Therefore, several research groups focus on density functional theory (DFT) 

calculations in order to relate the shift of d-band centers of metal layers in a certain 

configuration to corresponding adsorption energies of different compounds, such as CO 

or hydrogen atoms [33-39]. These findings delivered an explanation for the enhancement 

of Pd/Pt activity on Au with decreasing number of catalyst monolayers. However, these 

calculations do not account for an increase of the specific electrocatalytic activity with 

decreasing amount of catalyst at submonolayer coverage. In this regime, a higher activity 

of catalyst islands on step or defect sites, changed adsorption sites of hydrogen atoms on 

such islands as well as the spillover effect can be responsible for the enhancement [40-

42]. The spillover effect refers to a transition of adsorbed hydrogen atoms from the 

catalyst to the free Au(111) surface. In order to learn more about these effects further 

investigations of the interplay of the Au surface and the catalyst nanostructures are 

important. This can be achieved by varying corresponding physical parameters, such as 

nanoisland/-particle size, shape or distance, support material or surface properties of the 

support material. 

Therefore, one part of this thesis is focused on the electrocatalytic activity of Pt 

nanostructures on extended Au(111) surfaces. In a first approach, Pt was 

electrochemically deposited on the Au(111) surface with varying deposition parameters. 

Hence, the influence of Pt coverage and deposition routine on electrocatalytic activity 

was analyzed. Electrochemical deposition of Pt on Au yields randomly distributed, flat, 

“two-dimensional” nanoislands, i.e. Pt nanostructures are mostly one atomic layer in 
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height, not exceeding a height of three atomic layers. Since Pt nanoislands grow 

pseudomorphically on Au(111) [43] the Pt-lattice constant has to match the one of the Au 

surface. Consequently, tensile strain occurs in the Pt nanoisland, since the lattice constant 

of Pt is smaller than the one of Au. Furthermore, the defect density on the Au(111) 

surface was varied for constant Pt coverage. The electrocatalytic activity of Pt on defect-

poor Au(111) and of Pt on defect-rich Au(111) was compared. Defect-rich Au(111) was 

generated by electrochemical oxidation and reduction of a defect-poor surface. By these 

means the influence of a potential-induced defect density on the Au(111) surface on 

electrocatalytic properties of Pt nanoislands was quantified. 

In a second approach, spherical Pt nanoparticles were established on the Au(111) surface 

by diblock copolymer micelle lithography (BCML) [44, 45]. In this case, the Pt particles 

were approximately 6nm and therefore around 20 atomic layers high. Thus, a strain effect 

was excluded for these particles and made them good candidates for comparison with 

strained Pt nanoislands on the same surface. 

Nevertheless, electrochemical deposition yields a random distribution of catalyst 

nanoislands, with varying size and spacing. Also the process of developing arrays using 

electrochemical scanning tunneling microscopy (EC STM) [46] is rather limited due to 

the small surface area that can be structured by this method (some m
2
). BCML can be 

used to generate a defined array of catalyst particles, but particles are spherical and their 

size and distance can only be varied in a small range. In contrast, nanoimprint lithography 

(NIL) offers several possibilities to establish substrates with a well-defined structure-

arrangement, i.e. the different parameters (width, height and spacing of nanostructures) 

can be varied systematically [47-51]. Thus, in the second part of this thesis novel 

electrochemical investigations of electrodeposited Pt on a defined array of 160nm-wide 

Au lines with a spacing of 260nm on an Au surface, established by NIL, are presented. 

Furthermore, Au pillars, fabricated by nanotransfer printing (nTP), with a cylindrical 

shape and a diameter of 100nm were characterized electrochemically. Such an array of 

Au pillars can be coated with Pt via electrochemical deposition. These systems were 

compared with the randomly distributed Pt nanoislands and spherical nanoparticles on 

extended Au surfaces. Characterization of the surface structure of the mentioned model 

systems included the following techniques: X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), cyclic voltammetry (CV), chronoamperometry, electrochemical 

impedance spectroscopy (EIS) and imaging methods such as EC STM and atomic force 
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microscopy (AFM). Their electrocatalytic activity was measured by CV and 

potentiostatic single pulses. 

The activity of different electrode structures, conventional extended electrode surfaces 

and electrodes consisting of defined nanostructure arrays, were finally compared and 

derived conclusions were interpreted. 

 

This introductory part is followed by chapter 2, which familiarizes with fundamental laws 

and terms of electrochemistry, such as the electrochemical potential and the electric field 

at the solid-liquid interface. Furthermore, some basics concerning electrode materials and 

reactions, investigated for this thesis, are discussed. The fundamental part is 

complemented by a review of strain, defect density and spillover effect. 

In chapter 3 the preparation of used materials, measurement techniques and evaluation 

methods are described. 

Chapter 4 is focused on experimental results, which are discussed in chapter 5: 

Geometrical properties of the Pt nanoislands and spherical Pt nanoparticles on Au(111), 

their electrocatalytic activities as well as a comparison of the electrochemical behavior 

are discussed. Emphasis is put on the interpretation of the results, since this part deals 

with slightly modified, but conventional and therefore well-known electrode structures. 

This part is followed by experimental results on defined Au-nanostructure arrays, i.e. 

nanometer-wide Au lines and Au pillars on Si substrates. Such defined Au nanostructures 

are meant to be used as support materials for Pt nanostructures. In this case, the 

demonstration of the applicability of the Au nanostructures in electrochemical systems 

was emphasized, since this is one of the first approaches to their implementation in 

electrochemistry. Usually such samples are used as nanostructured semiconductor 

electrodes for field-effect transistors or solar cells. Thus, focus is put on the discussion of 

specific properties and the main challenges that had to be overcome for the utilization of 

these electrodes in an electrochemical system. Finally, electrocatalytic activities of Pt 

nanostructures on these electrodes are presented and discussed according to their 

differences to conventional electrode structures. 

The thesis is terminated by chapter 6 containing a summary of the main aspects with 

respect to the different investigated systems and encompassing conclusions. 
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2 Fundamentals 

For a detailed discussion of experimental results it is important to understand the 

theoretical as well as the experimental background. Therefore, in the following, a brief 

introduction to electrochemistry will be given and experimental methods to derive 

fundamental parameters, such as exchange current density of a metal electrode in contact 

with a redox system, will be introduced. Then, focus will be set on specific 

electrochemical interfaces, reactions and principles, such as the properties of an Au(111) 

surface in an electrochemical environment and of metallic catalyst layers or particles on a 

metal support. 

2.1 Electrochemical potential and reactions 

Electrochemistry is the science of chemical effects that are caused by an electric field and 

of electric effects that are due to a chemical reaction. Hence, an electrochemical reaction 

involves a charge transfer through an interface and thus a flow of current. Such an 

interface can be composed of various materials. The most well-known electrochemical 

interface is the metal-electrolyte junction, which will be discussed in the following 

subsections. 

2.1.1 Electrode potential and electrochemical double layer 

A galvanic cell consists of two electrically conductive electrodes in an ion-conductive 

electrolyte. The two electrodes are linked through an external contact, which completes 

the electric circuit. The discharge of such a galvanic cell implies two electrochemical 

half-cell or electrode reactions, which, in combination, yield an electronically neutral 

overall-reaction [52]. 

Electrode potential 

The maximal electric work 𝑛𝐹Δ𝑈 performed in the external electric circuit corresponds to 

the maximal work Δ𝐺 that can be achieved for the purely chemical reaction per mole of 

reactants 

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 = −𝑛𝐹Δ𝑈 

Equation 2.1.1-1 
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with molar free energy of reaction Δ𝐺, enthalpy of formation Δ𝐻, entropy of formation 

Δ𝑆, absolute temperature T, number of transferred electrons 𝑛 and Faraday constant 

𝐹 = 𝑒𝑁𝐴, with elementary charge 𝑒 and Avogadro constant 𝑁𝐴 and potential difference 

Δ𝑈 between the electrodes at open circuit. 

For instance, if gaseous chlorine (Cl2) and hydrogen (H2) are brought together and the 

resulting hydrogen chloride dissolves in water to form hydrochloric acid (HCl), the 

standard free energy of reaction is Δ𝐺0 = −262 𝑘𝐽/𝑚𝑜𝑙. The corresponding standard 

electrode potential difference is Δ𝑈Θ = 𝑈𝑟𝑒𝑑
Θ − 𝑈𝑜𝑥

Θ = 1.36𝑉 (since 𝑛 = 2) for an 

electrochemical cell with two metal electrodes, one of them in Cl2-purged HCl and the 

other one in H2-purged HCl. 

The individual standard electrode potentials 𝑈𝑜𝑥,𝑟𝑒𝑑
Θ  are usually tabulated versus the 

normal or standard hydrogen electrode (NHE, SHE), which consists of a platinized Pt 

wire in a solution of hydrogen-purged (𝑝 = 1𝑏𝑎𝑟) acid with an activity of 𝑎𝐻+ = 1. Its 

potential was defined as zero. 

Electrochemical double layer 

Considering a simple electrochemical system that is not in equilibrium, such as for 

example a zinc (Zn) electrode, which is brought into contact with a solution containing 

Zn
2+

-ions (𝑍𝑛 ⇌ 𝑍𝑛2+ + 2𝑒−), either Zn
2+

-ions are reduced and deposited on the Zn 

electrode or Zn is oxidized and dissolved into the solution, depending on the energetic 

relationships. Hence, a potential difference is established between metal and solution 

phase, which is called an electrochemical double layer, until the system is in equilibrium. 

If, for instance, Zn
2+

-ions are reduced and deposited on the Zn electrode until equilibrium 

is established, the electrode is positively charged and anions are attracted to the metal 

surface for compensation. In addition, an external voltage could be applied to the Zn 

electrode and a second electrode, immersed in the solution. By these means, the double-

layer charge associated with Zn electrode and solution can be altered, in order to force a 

greater or minor charge or even change sign of the charges. 

According to the Helmholtz model, a description of the (inner) potential decay 𝜑(𝑥) with 

distance 𝑥 perpendicular to the electrode-electrolyte interface is comparable with the one 

for a parallel-plate capacitor. This is due to the excess charge of the metal electrode and 

the counter ions of the electrolyte residing on respective sides of the interface. 𝜑(𝑥) can 

be determined with the one-dimensional Poisson equation 
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𝑑2𝜑

𝑑𝑥2
= −

𝜌

𝜖𝜖0
 

Equation 2.1.1-2 

with space-charge density 𝜌, dielectric constant 𝜖 of the electrolyte and permittivity of the 

free space 𝜖0. The charge density between electrode surface and Helmholtz plane, the 

plane in which the center of the ions nearest to the metal surface is located (compare with 

Figure 2.1-1), is assumed to be zero [52]. Therefore, Equation 2.1.1-2 equals zero and the 

derivative of 𝜑 over 𝑥 is constant, yielding a linear decay of 𝜑(𝑥). 

Although this model is a good approximation for high concentrated electrolytes with a 

narrow space-charge region, it does not account for the thermal processes in the 

electrolyte, whose influence changes the properties of the double layer considerably in 

low concentrated electrolytes. The theory of Gouy and Chapman, who proposed a diffuse 

double layer, involves a Boltzmann factor for the distribution of the ions of energy 

𝑧𝑖𝑒𝜑(𝑥) in the electrolyte (with 𝑧𝑖 the charge of ion i) and for the derivation of the space-

charge density 𝜌 [53, 54]. It turns out that for small potential difference Δ𝜑𝑑𝑖𝑓𝑓 ≤

0.05𝑉/𝑧𝑖 in the diffuse double layer, the potential drops exponentially with 𝑥. For high 

potential difference, the expression is more complicated, but still explicitly solvable 

(compare with e.g. [53], p. 546ff. and [54], p. 39ff.). 

Since in the theory of Guoy and Chapman ions were treated as point charges, which can 

be infinitely close to the metal surface, another modification was made by Stern. It is 

more realistic to consider the minimum distance of the ions from the metal surface as 

their ionic radius 𝑟. If the ions in the electrochemical double layer are in a solvated state, 

this distance consists of the ionic radius r and the thickness of the solvation shell 𝑠 of the 

ions. The model of Stern therefore results in a combination of Helmholtz and diffuse 

double layer (compare with Figure 2.1-1). 
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Figure 2.1-1 Schematic of the electrochemical double layer and the potential distribution 

at a metal-electrolyte interface: The metal is positively charged, thus anions are attracted 

to the interface. Small circles around the ions represent the solvation shell, since ions in 

aqueous electrolytes are usually solvated. For simplicity, the water molecules filling all 

the space between the ions are not shown. The potential 𝜑 drops linearly by 𝛥𝜑𝐻 in the 

Helmholtz layer, i.e. from 𝑥 = 0 to the Helmholtz plane and exponentially in the diffuse 

layer for small 𝛥𝜑𝑑𝑖𝑓𝑓. 

2.1.2 Kinetics of electrode reactions 

The previous section was focused on the correlation of electrochemical equilibrium and 

electrode potential. However, by applying a voltage/potential difference to the electrodes 

of an electrochemical cell or adding reactants, the equilibrium can be disturbed, which 

leads to a current flow. The interdependence of current and potential is influenced by the 

diffusion of reactants in the electrolyte, by chemical reactions and by 

adsorption/desorption of reactants/products on the electrode surface taking place before 

and/or after the actual charge-transfer reaction. However, the most fundamental 

contributor to the current-potential characteristic of an electrochemical system is of 

course the charge-transfer reaction. The charge-transfer characteristic of an 

electrochemical system is also referred to as the kinetic regime and its mathematical 

description is given by the Butler-Volmer formulation of electrode kinetics [53]. Since 

this thesis focuses on the kinetics of the hydrogen evolution and oxidation reaction at Pt, 
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the derivation of equations governing charge-transfer characteristics will be discussed in 

more detail. 

Butler-Volmer formalism 

In the following, a very simple electrode process, namely a one-step, one-electron 

reaction will be considered: 

𝑂𝑥 + 𝑒 ⇌ 𝑅𝑒𝑑. 

Equation 2.1.2-1 

The current flow associated with this reaction is closely linked to the rate of the reaction 𝑣 

at the electrode surface. The forward and backward reaction rates 𝑣𝑓 and 𝑣𝑏 

corresponding to this reaction are 

𝑣𝑓 = 𝑘𝑓𝐶𝑂𝑥(0, 𝑡) =
𝐼𝑐

𝐹𝐴
 

𝑣𝑏 = 𝑘𝑏𝐶𝑅𝑒𝑑(0, 𝑡) =
𝐼𝑎

𝐹𝐴
 

Equation 2.1.2-2 

with rate constants 𝑘𝑓,𝑏, surface concentrations 𝐶𝑂𝑥,𝑅𝑒𝑑(0, 𝑡) at the electrode-electrolyte 

interface, cathodic/anodic currents 𝐼𝑐,𝑎 and surface area A. 

Thus, the net reaction rate is 

𝑣𝑛𝑒𝑡 = 𝑣𝑏 − 𝑣𝑓 =
𝐼

𝐹𝐴
 

and 

𝐼 = 𝐼𝑎 − 𝐼𝑐 = 𝐹𝐴[𝑘𝑏𝐶𝑅𝑒𝑑(0, 𝑡) − 𝑘𝑓𝐶𝑂𝑥(0, 𝑡)]. 

Equation 2.1.2-3 

Furthermore, the profile of the standard free energy versus reaction coordinate for the 

above reaction is assumed to have a parabolic shape as shown in Figure 2.1-2. The true 

shape is dependent on the specific system and not important for the derivation of the 

general Butler-Volmer equations. Figure 2.1-2 shows the activation energies Δ𝐺0𝑐
≠  and 

Δ𝐺0𝑎
≠  at standard electrode potential 𝑈Θ, when the system is in equilibrium. If the 

electrode potential is changed by Δ𝑈 = 𝑈 − 𝑈Θ > 0, the energy of the electron is 

changed by −𝐹Δ𝑈 and the corresponding activation energy curve is lowered by that 

amount. The activation energies at potential 𝑈 are Δ𝐺𝑐
≠ and Δ𝐺𝑎

≠: 

Δ𝐺𝑐
≠ = Δ𝐺0𝑐

≠ + 𝛼𝑐𝐹(𝑈 − 𝑈Θ) 
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Δ𝐺𝑎
≠ = Δ𝐺0𝑎

≠ − 𝛼𝑎𝐹(𝑈 − 𝑈Θ), 

Equation 2.1.2-4 

with transfer coefficient 𝛼𝑎,𝑐, which depends on the shape of the intersection region. The 

relation 𝛼𝑎 + 𝛼𝑐 = 1, which is used in many textbooks for these kinds of derivations, 

only holds for reactants that are not adsorbed on the electrode surface. 

 

Figure 2.1-2 Schematic curve of the standard free energy versus reaction coordinate for 

the reaction of Equation 2.1.2-1 at standard electrode potential 𝑈𝛩 and any other 

electrode potential U. The scheme on the right hand side shows the boxed intersection 

region of the left picture, which is marked in gray. 

Now, the rate constants 𝑘𝑓,𝑏 are modeled by an equivalent to the Arrhenius equation, 

which is an empirical generalization of experimental findings concerning rate constants of 

solution-phase reactions. Additionally, Equation 2.1.2-4 is inserted: 

𝑘𝑓 = 𝐴𝑓𝑒−
𝛥𝐺𝑐

≠

𝑅𝑇 = 𝐴𝑓𝑒−
𝛥𝐺0𝑐

≠

𝑅𝑇 𝑒−𝛼𝑐𝑓(𝑈−𝑈Θ) = 𝑘𝑓
0𝑒−𝛼𝑐𝑓(𝑈−𝑈Θ) 

𝑘𝑏 = 𝐴𝑏𝑒−
𝛥𝐺𝑎

≠

𝑅𝑇 = 𝐴𝑏𝑒−
𝛥𝐺0𝑎

≠

𝑅𝑇 𝑒𝛼𝑎𝑓(𝑈−𝑈Θ) = 𝑘𝑏
0𝑒𝛼𝑎𝑓(𝑈−𝑈Θ), 

Equation 2.1.2-5 

with constant factors 𝐴𝑓,𝑏, rate constants 𝑘𝑓,𝑏
0  under standard conditions and 𝑓 =

𝐹

𝑅𝑇
. 

Using these rate constants in Equation 2.1.2-3 yields a very general form of the potential-

current relation: 

𝐼 = 𝐹𝐴[𝑘𝑏
0𝐶𝑅𝑒𝑑(0, 𝑡)𝑒𝛼𝑎𝑓(𝑈−𝑈Θ) − 𝑘𝑓

0𝐶𝑂𝑥(0, 𝑡)𝑒−𝛼𝑐𝑓(𝑈−𝑈Θ)]. 

Equation 2.1.2-6 

In equilibrium, i.e. at a potential 𝑈0, the net current is zero, which means that anodic and 

cathodic current are equal. Also, the surface concentrations 𝐶𝑅𝑒𝑑(0, 𝑡) and 𝐶𝑂𝑥(0, 𝑡) can 
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be substituted by the bulk concentrations 𝐶𝑅𝑒𝑑
∗  and 𝐶𝑂𝑥

∗ . With these transformations, the 

exchange current 𝐼0 can be derived:  

𝐼0 = 𝐹𝐴𝑘𝑏
0𝐶𝑅𝑒𝑑

∗ 𝑒𝛼𝑎𝑓(𝑈0−𝑈Θ) = 𝐹𝐴𝑘𝑓
0𝐶𝑂𝑥

∗ 𝑒−𝛼𝑐𝑓(𝑈0−𝑈Θ). 

Equation 2.1.2-7 

Rewriting Equation 2.1.2-6 with 𝐼0 and overpotential 𝜂 = 𝑈 − 𝑈0, which is the deviation 

from equilibrium potential, yields the overpotential-current equation  

𝐼 = 𝐼0 (
𝐶𝑅𝑒𝑑(0, 𝑡)

𝐶𝑅𝑒𝑑
∗ 𝑒𝛼𝑎𝑓𝜂 −

𝐶𝑂𝑥(0, 𝑡)

𝐶𝑂𝑥
∗ 𝑒−𝛼𝑐𝑓𝜂). 

Equation 2.1.2-8 

A curve exemplifying this relation is shown in Figure 2.1-3. For low overpotentials 

(|𝜂| ≤ 100𝑚𝑉) the exponential behavior can be seen in the anodic as well as in the 

cathodic branch. With increasing overpotential, however, the surface concentrations 

𝐶𝑅𝑒𝑑(0, 𝑡) and 𝐶𝑂𝑥(0, 𝑡) decrease and mass-transfer limitations become dominant. Thus, 

anodic and cathodic current reach a limiting value 𝐼𝑙 at high positive overpotentials 

(𝜂 > 300𝑚𝑉) and at high negative overpotentials (𝜂 < −300𝑚𝑉), respectively. 

  

Figure 2.1-3 Overpotential-current curve (solid line) with anodic and cathodic currents 

(dashed lines) for 𝛼𝑎,𝑐 = 0.5,  𝑇 = 298𝐾,  𝐼0 = 0.001𝐴 and 
𝐼0

𝐼𝑙
= 0.2. With increasing 

overpotential a limiting current 𝐼𝑙 is reached, due to mass-transfer limitation, i.e. 

decreasing surface concentrations 𝐶𝑅𝑒𝑑(0, 𝑡) and 𝐶𝑂𝑥(0, 𝑡) of species Red and Ox. 

Special cases 

In the special case, in which mass transfer is not limited, the surface concentrations are 

always equal to bulk concentrations and Equation 2.1.2-8 simplifies to the so called 

Butler-Volmer equation 
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𝐼 = 𝐼0(𝑒𝛼𝑎𝑓𝜂 − 𝑒−𝛼𝑐𝑓𝜂). 

Equation 2.1.2-9 

A curve corresponding to this equation is shown in Figure 2.1-4 on the left. It is important 

to note that this equation is applicable to all systems that are not mass-transfer limited but 

also to the kinetic regime of mass-transfer limited systems. From an experimental point of 

view, this means that the kinetic currents of the mass-transfer limited system have to be 

measured. This can be done by e.g. the potentiostatic single pulse technique (for details 

see section 2.1.3, p. 18ff. and section 3.4.5, p. 53ff.). Current transients measured with 

this technique can be evaluated according to a theoretical model to yield the kinetic 

current. 

Further special cases are the linear characteristic of Equation 2.1.2-9 for sufficiently small 

overpotentials (𝑒𝑥 = 1 + 𝑥 for small 𝑥) 

𝐼 = 𝐼0(𝛼𝑎 + 𝛼𝑐)𝑓𝜂 

Equation 2.1.2-10 

and the so called Tafel behavior for high overpotentials, for which either cathodic or 

anodic current are negligible. For instance, at high positive overpotentials, the cathodic 

current can be neglected and Equation 2.1.2-9 becomes 

𝐼 = 𝐼0𝑒𝛼𝑎𝑓𝜂 . 

Equation 2.1.2-11 

In a Tafel plot the logarithm of the current I is plotted over overpotential 𝜂  

𝜂 = 𝑎 + 𝑏 ⋅ log|𝐼|, 

Equation 2.1.2-12 

with 𝑎 = log |𝐼0| and Tafel slope 𝑏. Such a plot shows a linear behavior, as can be 

deduced from Equation 2.1.2-11. The intersection of this line and the y-axis at 𝜂 = 0 is 

the logarithm of the exchange current 𝐼0. Furthermore, the transfer coefficients 𝛼𝑎,𝑐 can 

be calculated from the slope of the line (compare with Figure 2.1-4). This behavior was 

first observed by Tafel in HER experiments [3]. 
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Figure 2.1-4 Left: Overpotential-current curve corresponding to the Butler-Volmer 

equation, which holds for systems that are not limited by mass transfer. Right: Tafel plots 

of the anodic and cathodic high-overpotential regimes of the Butler-Volmer equation. The 

intercept of the current-axis with the linear extrapolation of the Tafel-curves yields the 

exchange current 𝐼0 and the slope of the lines can be used to calculate the transfer 

coefficients 𝛼𝑎,𝑐. (Parameters as in Figure 2.1-3) 

Multistep processes 

The equations derived in the previous passage are valid for one-step, one-electron 

processes, such as for example the reaction of potassium ferricyanide to potassium 

ferrocyanide and vice versa: 𝐹𝑒(𝐶𝑁)6
3− + 𝑒− ⇌ 𝐹𝑒(𝐶𝑁)6

4−. However, many 

electrochemical reactions require several steps to proceed. This is also the case for the 

HOR/HER, which was investigated in this thesis: 2𝐻+ + 2𝑒− ⇌ 𝐻2. Such so-called 

multistep processes involve several one-electron processes. Thus, the one-step, one-

electron equations can often be modified to apply to the multistep process. 

In many multistep mechanisms one single reaction is rate determining, because it 

proceeds much slower than the other reactions. This reaction is referred to as the rate 

determining step (rds). 

As an example, the following overall reaction is considered: 

𝑂𝑥 + 𝑛𝑒 ⇌ 𝑅𝑒𝑑, 

with the partial reactions 

𝑂𝑥 + 𝑛′𝑒 ⇌ 𝑂𝑥′  (net result of steps preceding rds) 

𝑂𝑥′ + 𝑒 ⇌ 𝑅𝑒𝑑′  (rds) 

𝑅𝑒𝑑′ + 𝑛′′𝑒 ⇌ 𝑅𝑒𝑑  (net result of steps following rds) 

and  𝑛 = 𝑛′ + 𝑛′′ + 1. 

Equation 2.1.2-13 
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Obviously, the overpotential-current characteristic is determined by the rds. Of course, 

the additional current, due to the reactions preceding and following the rds, has to be 

implemented in the corresponding equation. Therefore, if a true equilibrium exists for the 

overall reaction, Equation 2.1.2-7 can be adapted to the multistep system by assembling it 

for the rds and multiplying it by the number of transferred electrons: 

𝐼 = 𝑛 ⋅ 𝐼0,𝑟𝑑𝑠 (
𝐶𝑅𝑒𝑑′(0, 𝑡)

𝐶
𝑅𝑒𝑑′
𝑒𝑞 𝑒𝛼𝑎𝑓𝜂 −

𝐶𝑂𝑥′(0, 𝑡)

𝐶
𝑂𝑥′
𝑒𝑞 𝑒−𝛼𝑐𝑓𝜂), 

Equation 2.1.2-14 

with exchange current 𝐼0,𝑟𝑑𝑠 and transfer coefficients 𝛼𝑎,𝑐 of the rds and exchange current 

𝐼0 = 𝑛 ⋅ 𝐼0,𝑟𝑑𝑠 of the overall reaction. 

However, in order to apply this equation to a particular system, the intermediates’ 

concentrations in equilibrium 𝐶
𝑂𝑥′,𝑅𝑒𝑑′
𝑒𝑞

 and the corresponding time dependence 

𝐶𝑂𝑥′,𝑅𝑒𝑑′(0, 𝑡) have to be known or assumed. In most cases, assumptions are made for 

these parameters, since they are not directly measurable in an experiment. Then the 

experimental data is compared to different assumed patterns to yield the best accordance. 

Such a procedure can become quite complex, especially when the intermediates are 

adsorbed on the electrode surface or when there are several educts and products taking 

part in the rds. 

2.1.3 Electrochemical reactions at constant electrode potential 

In the previous section, a general overpotential-current equation was derived (compare 

with Equation 2.1.2-8) for a one-step, one-electron process. In this equation current is not 

only dependent on overpotential. It is also related to the dependence of the concentration 

of the reducing and oxidizing species on the electrode surface 𝐶𝑅𝑒𝑑(0, 𝑡) and 𝐶𝑂𝑥(0, 𝑡) on 

time. Although in some special cases, this dependence can be omitted from the equation, 

in many systems the surface concentrations vary with time, due to mass transport 

limitations. Hence, when more reactants at the electrode surface are consumed than the 

amount that can be supplied by diffusion, a depletion zone develops. In such a case the 

overpotential-current relation is not easily accessible experimentally. Therefore, 

potentiostatic single pulses are often used to determine the kinetic current for a certain 

overpotential. With this technique a constant overpotential is applied to the 

electrochemical cell via a potential pulse and the corresponding current transient is 
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measured. The current transient is then used to extrapolate the kinetic current. In this 

context the time-dependence of the surface concentrations 𝐶𝑅𝑒𝑑(0, 𝑡) and 𝐶𝑂𝑥(0, 𝑡) has to 

be included in the overpotential-current relation. 

Therefore, Fick’s second law 

𝜕𝐶𝑂𝑥,𝑅𝑒𝑑(𝑥, 𝑡)

𝜕𝑡
= 𝐷𝑂𝑥,𝑅𝑒𝑑

𝜕2𝐶𝑂𝑥,𝑅𝑒𝑑(𝑥, 𝑡)

𝜕𝑥2
 

Equation 2.1.3-1 

with distance 𝑥 from the electrode surface, concentration 𝐶𝑂𝑥,𝑅𝑒𝑑(𝑥, 𝑡) and diffusion 

coefficient 𝐷𝑂𝑥,𝑅𝑒𝑑 of oxidizing and reducing agents, respectively, has to be solved [9, 

53]. The boundary conditions are: 

(i) 𝑡 = 0: 𝐶𝑂𝑥,𝑅𝑒𝑑(0, 𝑥) = 𝐶𝑂𝑥,𝑅𝑒𝑑
∗   

(ii) 𝑥 → ∞: lim𝑥→∞ 𝐶𝑂𝑥,𝑅𝑒𝑑(𝑥, 𝑡) = 𝐶𝑂𝑥,𝑅𝑒𝑑
∗  

(iii) 𝑥 = 0: −𝐹𝐴𝐽𝑂𝑥,𝑅𝑒𝑑 = −𝐹𝐴𝐷𝑂𝑥,𝑅𝑒𝑑
𝜕𝐶𝑂𝑥,𝑅𝑒𝑑(𝑥,𝑡)

𝜕𝑥
|

𝑥=0
= 𝐼 

Equation 2.1.3-2 

Here 𝐽𝑂𝑥,𝑅𝑒𝑑 is the flux of the oxidizing or reducing species, which is related to the 

concentration gradient and diffusion coefficient by Fick’s first law. With flux 𝐽 the 

current flow 𝐼 can be calculated, which in turn can be substituted by Equation 2.1.2-8. 

A Laplace transformation of Fick’s second law (Equation 2.1.3-1) together with the three 

boundary conditions (Equation 2.1.3-2), yields the time dependence of the surface 

concentrations 

𝐶𝑂𝑥(0, 𝑡) = 𝐶𝑂𝑥
∗ +

𝐵

𝜆
(1 − 𝑒𝜆2𝑡erfc 𝜆√𝑡), 

𝐶𝑅𝑒𝑑(0, 𝑡) = 𝐶𝑅𝑒𝑑
∗ −

√𝜅𝐵

𝜆
(1 − 𝑒𝜆2𝑡erfc 𝜆√𝑡), 

Equation 2.1.3-3 

with 𝐵 = √𝐷𝑅𝑒𝑑𝜆𝑅𝑒𝑑𝐶𝑅𝑒𝑑
∗ − √𝐷𝑂𝑥𝜆𝑂𝑥𝐶𝑂𝑥

∗ , 𝜆 = √𝐷𝑟𝑒𝑑𝜆𝑅𝑒𝑑 + √𝐷𝑂𝑥𝜆𝑂𝑥, 𝜅 =
𝐷𝑅𝑒𝑑

𝐷𝑂𝑥
, 

𝜆𝑂𝑥 =
𝐼0𝑒−𝛼𝑐𝑓𝜂

𝐹𝐴𝐷𝑂𝑥𝐶𝑂𝑥
∗  and 𝜆𝑅𝑒𝑑 =

𝐼0𝑒𝛼𝑎𝑓𝜂

𝐹𝐴𝐷𝑅𝑒𝑑𝐶𝑅𝑒𝑑
∗ . 

Insertion of these equations (Equation 2.1.3-3) into the general overpotential-current 

relation (Equation 2.1.2-8) results in the time-dependent current relation 

𝐼(𝑡) = 𝐼0(𝑒𝛼𝑎𝑓𝜂 − 𝑒−𝛼𝑐𝑓𝜂)𝑒𝜆2𝑡erfc 𝜆√𝑡 = 𝐼𝜂𝑒𝜆2𝑡erfc 𝜆√𝑡. 

Equation 2.1.3-4 
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An example of such a current transient is shown in Figure 2.1-5. 

 

Figure 2.1-5 Current transients corresponding to the time-dependent current relation 

(black curves; compare with Equation 2.1.3-4) and to the simplified current relation for 

small times 𝑡 (dotted red line; compare with Equation 2.1.3-5) calculated with the 

following parameters: 𝛼𝑎,𝑐 = 0.5,  𝑇 = 298𝐾,  𝐼0 = 0.001𝐴, 𝜂 = 0.2𝑉, 𝐴 = 1𝑐𝑚2,

𝐷𝑂𝑥 = 𝐷𝑅𝑒𝑑 = 5 ⋅ 10−5 𝑐𝑚2

𝑠
, 𝐶𝑂𝑥 = 𝐶𝑅𝑒𝑑 = 5 ⋅ 10−6 𝑚𝑜𝑙

𝑐𝑚3. 

Two special cases will be considered, because they are important for the evaluation of 

measured current transients: For short times 𝑡 (𝜆√𝑡 ≪ 1) the exponential function and the 

error function erf(𝑦) can be approximated by the first term of their Taylor series (𝑒𝑦 =

1 + 𝑦 + ⋯ and erfc(𝑦) = 1 − erf(𝑦) = 1 −
2

√𝜋
𝑦 +

2

√𝜋

𝑦3

3
− ⋯) and Equation 2.1.3-4 

simplifies to 

𝐼(𝑡) ≈ 𝐼𝜂 (1 −
2𝜆

√𝜋
√𝑡), 

Equation 2.1.3-5 

which is a linear function of √𝑡. This equation is used as a basis for potentiostatic pulse 

measurements, in which a potential pulse with constant overpotential 𝜂 is applied to an 

electrochemical system. The current transient recorded during the potentiostatic pulse is 

evaluated for short times 𝑡 according to Equation 2.1.3-5 and yields the kinetic current 𝐼𝜂. 

Such pulses can be repeated for various overpotentials in order to obtain a Tafel plot and 

evaluate the exchange current 𝐼0. 

For long times 𝑡 Equation 2.1.3-4 is 
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𝐼(𝑡) ≈
𝐼𝜂

√𝜋𝜆
⋅

1

√𝑡
  

Equation 2.1.3-6 

and therefore shows the 
1

√𝑡
 behavior of diffusion limited currents, which was confirmed 

by experiments (see e.g. [55]). The equation purely depends on diffusion polarization 

since exchange current 𝐼0 and transfer coefficient 𝛼 can be eliminated from the fraction 
𝐼𝜂

𝜆
. 

2.2 Selected electrodes and charge-transfer reactions 

2.2.1 The hydrogen reactions 

The hydrogen evolution reaction (HER) and the hydrogen oxidation reaction (HOR) have 

been among the most intensely investigated electrochemical reactions since many 

decades. Hence, one should believe that the reactions are very well understood nowadays. 

However, in spite of this huge effort to identify the true reaction mechanism, there is 

much controversy in literature. At a first glance, the HER and the HOR seem to be very 

simple reactions, as composed of a two-step mechanism with only two different reaction 

pathways. But it turns out that the reactions take place right at the electrode surface (in 

the Helmholtz layer) and because of that also depend on electrode material and the state 

of the surface [54]. The HER and HOR can proceed via two different reaction pathways. 

The complete reaction is 

2𝐻+ + 2𝑒− ⇌ 𝐻2. 

Equation 2.2.1-1 

The corresponding elementary steps are 

the Volmer reaction [8]  𝐻+ + 𝑒− ⇌ 𝐻𝑎𝑑, 

Equation 2.2.1-2 

the Tafel reaction [3]   2𝐻𝑎𝑑 ⇌ 𝐻2, 

Equation 2.2.1-3 

and the Heyrovský reaction [7] 𝐻𝑎𝑑 + 𝐻+ + 𝑒− ⇌ 𝐻2. 

Equation 2.2.1-4 
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These reactions are valid for acidic electrolytes, but they can be written for alkaline 

electrolytes in a similar way. The following considerations will be made for acidic media, 

since the experiments throughout this thesis were performed in acidic electrolytes. 

Hence, for hydrogen evolution, the reaction can either proceed via the Volmer-Tafel 

pathway, consisting of the adsorption of a proton on the electrode surface to form an 

adsorbed hydrogen atom 𝐻𝑎𝑑 and the recombination of two adsorbed hydrogen atoms to 

molecular hydrogen 𝐻2 (forward directions of Equation 2.2.1-2 and Equation 2.2.1-3). 

The second possibility is the Volmer-Heyrovský pathway, for which the Volmer step is 

followed by the discharge of a proton at an adsorbed hydrogen atom (forward directions 

of Equation 2.2.1-2 and Equation 2.2.1-4). For the HOR, the backward directions of the 

different reactions have to be considered [10, 11]. 

In the following, the overpotential-current relation is derived for each single step. Mass 

transport limitations are neglected since this thesis is focused on the kinetic regime where 

mass transport does not play a role. 

For the Volmer step the overpotential-current equation (compare with Equation 2.1.2-14) 

becomes 

𝐼𝑉 = 𝐼0,𝑉 (
Θ(𝐼)

Θ𝑒𝑞
𝑒𝛼𝑎,𝑉𝑓𝜂 −

1 − Θ(𝐼)

1 − Θ𝑒𝑞
𝑒−𝛼𝑐,𝑉𝑓𝜂), 

Equation 2.2.1-5 

with the exchange current 𝐼0,𝑉, the transfer coefficients 𝛼𝑎,𝑉, 𝛼𝑐,𝑉 of the Volmer reaction 

and the coverage Θ of adsorbed hydrogen 𝐻𝑎𝑑 on the electrode surface in equilibrium and 

dependent on current. The surface concentration of adsorbed hydrogen is proportional to 

the coverage Θ and thus can be replaced by it. 

For the Heyrovský step, the overpotential-current equation is 

𝐼𝐻 = 𝐼0,𝐻 (
1 − Θ(𝐼)

1 − Θ𝑒𝑞
𝑒𝛼𝑎,𝐻𝑓𝜂 −

Θ(𝐼)

Θ𝑒𝑞
𝑒−𝛼𝑐,𝐻𝑓𝜂), 

Equation 2.2.1-6 

with the exchange current 𝐼0,𝐻 and the transfer coefficients 𝛼𝑎,𝐻, 𝛼𝑐,𝐻 of the Heyrovský 

reaction. 

However, these two equations are very general and in this form cannot be compared to 

experimental results. Therefore, it is convenient to focus on some limiting cases. As an 

example, this will be done for the HER: The Volmer-Tafel and the Volmer-Heyrovský 

mechanism can each be assumed with one rds, such that four different scenarios arise. 
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Furthermore the variation in coverage Θ of adsorbed hydrogen is assumed to be small 

compared with the variation of the exponential term with overpotential: Θ(𝐼) = Θ𝑒𝑞. 

Then, the characteristic of the Volmer(rds)-Tafel mechanism is determined by the Volmer 

reaction 

𝐼 = 𝐼𝑉 = 𝐼0,𝑉(𝑒𝛼𝑎,𝑉𝑓𝜂 − 𝑒−𝛼𝑐,𝑉𝑓𝜂). 

Equation 2.2.1-7 

For high negative overpotential the equation simplifies to 

𝐼 = −𝐼0,𝑉𝑒−𝛼𝑐,𝑉𝑓𝜂  or  𝜂 =
1

𝛼𝑐,𝑉𝑓
ln 𝐼0,𝑉 −

1

𝛼𝑐,𝑉𝑓
ln(− 𝐼). 

Equation 2.2.1-8 

with a Tafel slope 𝑏 = −
0.06

𝛼𝑐,𝑉

𝑉

𝑑𝑒𝑐
= −0.12

𝑉

𝑑𝑒𝑐
 (compare with Equation 2.1.2-12; for 

𝛼𝑐,𝑉 = 0.5). With the Heýrovský reaction being the rds, the same Tafel slope can be 

calculated for a transfer coefficient 𝛼𝑐,𝐻 = 0.5. 

Thus, Tafel slopes calculated with the assumption of one single rds are not unique, nor 

are the ones with more than one rds (compare with [10]). Hence, Tafel slopes are not 

sufficient to determine the reaction mechanism. Moreover, the transfer coefficient can 

also be different from 0.5, which makes it even more difficult. 

It can be concluded that this method is not suitable to identify reaction mechanisms. 

However, it helps to determine the probability of reaction mechanisms. 

2.2.2 The Au(111) surface 

Around 50 years ago the preparation of clean and high-quality single crystal surfaces was 

difficult. Therefore, in the past ten to twenty years, preparation procedures have been 

refined and well-documented in order to guarantee equal surface quality and to achieve 

reproducible data [15, 56]. Since this thesis is focused on the electrochemical properties 

of Pt nanoparticles, it was important to put them on a substrate whose surface structure 

could be controlled in a systematic way. Hence, the Au(111) single crystalline surface 

was the substrate of choice. 

The structure of an Au crystal is the fcc (face centered cubic) lattice, with a characteristic 

stacking sequence ABC of two-dimensional hexagonally close-packed layers [15, 57]. 

The three low-index planes of an fcc crystal are assigned by their Miller indices. The 
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arrangement of the surface atoms of the (111)-plane is hexagonal (see Figure 2.2-1), 

square for the (100)-plane and rectangular for the (110)-plane. 

    

Figure 2.2-1 Scheme of the arrangement of the atoms in an Au crystal. The (111)-plane is 

indicated in gray (left). The surface atoms of the (111)-plane exhibit a hexagonal pattern 

(right). 

A real crystal never has a perfectly planar surface. Due to inhomogeneities in the bulk and 

on the surface, defects, such as adatoms, vacancies, islands, holes, monoatomic high steps 

(height ~0.24nm for Au(111) [58]) and screw dislocations are always present (compare 

with Figure 2.2-2, left) to a certain extent. On an Au(111) surface two different types of 

steps can be formed: A (111) or a (100) step (see Figure 2.2-2, right), which is less stable 

than the (111) step [59]. 

   

Figure 2.2-2 Left: Different types of defects on an Au(hkl) surface. Right: Two different 

types of steps can be formed on an Au(111) surface.  

When an Au crystal is freshly annealed or kept in vacuum, the position of the surface 

atoms often differs from the expected ideal crystallographic position: A lateral 

displacement of the surface layer occurs, which is due to highly asymmetric forces 

affecting surface atoms, because their coordination number is much smaller than the one 

of bulk atoms. The surface layer tries to contract in order to increase its coordination, but 

is stopped by the forces originating from the bulk atoms, which are targeted on a 

commensurate structure. Hence, atoms can be found at places of lowest surface energy, 

which is called surface reconstruction. This phenomenon has been extensively 
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investigated under ultrahigh vacuum (UHV) conditions as well as in electrolytes [58, 60-

63]. Au is the only fcc metal, for which reconstruction of the (111) plane occurs. The unit 

cell of the reconstruction contains 23 instead of 22 atoms of the original crystal lattice; 

therefore the surface layer is contracted by 4.4%. Due to this misfit of the reconstructed 

surface layer and the layers beneath a periodic pattern of pairs of parallel lines is formed 

by the terraces of the surface in 〈11̅2〉 direction, which separate fcc from hexagonal close 

packed (hcp) domains. In STM images the atoms of these dislocation lines appear 

~0.02nm higher than the surrounding atoms, because they occupy bridge sites instead of 

threefold hollow sites (compare with Figure 2.2-3). Neighboring pairs of lines have a 

distance of 6.3nm and the distance between the lines of one pair is 4.4nm. 

 

Figure 2.2-3 Left: Scheme of the positions of atoms in the first (empty circles) and second 

surface layer (solid circles) of a reconstructed Au(111) surface. In fcc and hcp domains 

atoms of the first surface layer are located in threefold hollow sites, whereas at the 

position of dislocation lines (dll) they occupy bridge sites. (upper part reprinted, see 

[64]) Right: STM image of a reconstructed Au(111) surface, which shows the dislocation 

lines (reprinted, see [65]). 

The dislocation lines relieve the stress in the surface layer along the 〈11̅0〉 direction. 

However, a zigzag pattern of the paired lines, the so-called herringbone reconstruction, 

can also occur on wide terraces in order to further minimize the surface energy [60, 63]. 

As to the interaction of steps and dislocation lines, Repain and coworkers demonstrated 

that the orientation of dislocation lines perpendicular or parallel to steps depends on the 

atomic structure of the steps [63]. They found that (111)-microfacetted steps were crossed 

perpendicularly by the dislocation lines. In contrast to that, the bottom of (100) steps 

exhibited dislocation lines parallel to the step with lines perpendicular to the upper part of 

the (100) step (see Figure 2.2-4). These results were interpreted in terms of surface 

energy, arguing that the reconstruction behavior at (100) steps minimized their step 

energy. 
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Figure 2.2-4 Left: Scheme of an Au(111) surface with an island and corresponding step 

orientations. Right: Ultrahigh vacuum scanning tunneling microscopy (UHV STM) image 

of a reconstructed Au(111) surface pretreated by Ar sputtering (reprinted, see [66]). 

Similar observations were made with the EC STM, confirming that the Au(111) surface is 

also reconstructed in different electrolytes depending on potential. If a reconstructed 

Au(111) surface is immersed in sulfuric acid the reconstruction can be kept for potentials 

below 0.5V vs. RHE. At 0.5V vs. RHE the reconstruction is lifted [67] simultaneously 

with an adsorption of hydrogen sulfate anions, which results in an anodic peak of a CV. 

At 1.0V vs. RHE a disorder-order phase transition of adsorbed hydrogen sulfate anions 

occurs [68], which leads to another sharp, anodic or cathodic peak in a CV depending on 

scan direction. Above a potential of 1.4V vs. RHE surface oxidation sets in, which is 

accompanied by structural changes due to a high mobility of Au atoms. A similar 

behavior can be observed in perchloric acid solutions. However, the lifting of the 

reconstruction does not lead to a sharp peak in a CV, but proceeds more continuously. 

Oxidation of the surface occurs for potentials higher than 1.2V vs. RHE. Returning to a 

negative potential of -0.05V vs. RHE for several minutes makes the surface reconstruct 

again [69]. 

2.2.3 Metal deposition  

If a conductive substrate, such as for example the Au(111) surface, is coated 

electrochemically by a foreign metal, the process is termed electrocrystallization. The 

metal 𝑀 to be electrodeposited is added to an electrolyte solution as a compound 

containing precipitating neutral molecules and/or ions 𝑋 (e.g. H2O, Cl
-
, CN

-
) [52, 70]: 

[𝑀𝑛+𝑋𝑚](𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) + 𝑛𝑒− ⇌ 𝑀𝑙𝑎𝑡𝑡𝑖𝑐𝑒 + 𝑚𝑋. 
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As described in section 2.1.1, this electrochemical reaction is characterized by a standard 

electrode potential 𝑈Θ, or at non-standard conditions by an equilibrium potential 𝑈0. At a 

potential 𝑈 < 𝑈0 the reduction reaction, i.e. metal deposition takes place and for 𝑈 > 𝑈0, 

the oxidation reaction, i.e. metal dissolution happens. In some cases however, when there 

is no foreign metal present on the electrode surface, metal deposition is possible even for 

potentials higher than the equilibrium potential. This so-called underpotential deposition 

(upd) happens, when the chemical potential of the first layer of the deposited metal is 

much smaller than the chemical potential of the bulk of the deposited metal. This is due to 

an interaction between the substrate and deposition metal. As examples the deposition of 

Pb or Cu on Au can be mentioned (see also section 3.4.4.1, p. 51 and section 4.2.1, p. 

68ff.). 

In detail, electrocrystallization may consist of the following steps [70]: (i) Diffusion of 

the hydrated metal ion to a position close to the electrode surface (to the Helmholtz 

plane). (ii) Electron transfer from the electrode to the metal ion and partial or complete 

dehydration. (iii) Diffusion of the metal atom on the electrode surface. (iv) Incorporation 

of the metal atom in the lattice of the substrate. In most of the cases deposited metal 

atoms incorporate into the lattice at sites of high coordination, such as vacancies, steps, 

islands or holes, which was experimentally and/or theoretically shown for e.g. Pd/Pt on 

Au(111) [40, 71-74]. Depending on the interaction of the metal atoms M with the 

substrate metal S the growth mode will be defined [54]: If the interaction between atoms 

M is stronger than the interaction between atoms M and substrate S, three-dimensional 

islands will grow on the substrate. This growth mode is called Volmer-Weber or three-

dimensional island growth. An example for Volmer-Weber growth is the deposition of 

Au or Pt on HOPG: The interaction of Au/Pt with HOPG is very small, which leads to 

three-dimensional particles [22, 31]. In the case, in which the interaction between atoms 

M and substrate S is stronger than between atoms M, the growth mode still depends on 

geometric factors. If the crystal lattice of metal M and substrate S do not match, a layer of 

metal M will be grown on substrate S in a mostly non-pseudomorphic way. Thus, from 

the second layer on islands will form in order to counterbalance the strain in the first 

layer. This growth mode is known as Stranski-Krastanov growth. If, however, the 

mismatch between the two lattices is small, extended layers will be grown on the 

electrode surface. This growth mode is known as layer-by-layer or Frank-van-der-Merwe 

growth. In this mode the first few layers will be grown pseudomorphically, until the 
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lattice relaxes to its bulk value. Finally, the metal atoms M can exchange places with 

substrate atoms and form an alloy, which occurs for example when Ni is deposited on 

Au(111). Of course, also growth modes in between the described ones can be found. 

Considering for example the growth of Pd on Au(111) (lattice constants: aAu=0.408nm, 

aPd=0.389nm [75]), where the lattice mismatch is small (~5%), Pd deposits layer-by-layer 

for two pseudomorphic layers, but then starts to grow islands [72]. Also Pt (aPt=0.392nm 

[75]) grows pseudomorphically on Au(111) for small coverages below one monolayer 

and then starts to grow islands instead of a closed layer. Furthermore, these growth modes 

can be modulated by application of different overpotentials [76, 77]. In general, high 

deposition overpotential yields a large number of nuclei that arrange randomly on the 

electrode surface without a strong influence of defect sites. In contrast to that, low 

deposition overpotential results in a smaller number of nuclei that deposit preferably at 

defect sites. The influence of the overpotential on the final structure of the deposit was for 

example shown for the growth of Pt on Au(111) [43, 71]: High overpotential led to three-

dimensional particles, which deposited at random sites, whereas low overpotential yielded 

flat islands which were monoatomic in height and deposited preferentially at defect sites. 

2.3 Bimetallic electrocatalysis – Interplay of support and 

catalyst material 

As highlighted already in the introduction, “two-dimensional” Pt islands on Au(111) 

showed a better performance than bulk Pt in a comparison of the Pt-specific HER/HOR-

current densities. Similar activity enhancement was demonstrated for several systems 

M/S with metal decoration M on bulk metal support S not only for submonolayer 

coverage but also for complete overlayers: Pd/Au [23-26], Pd/Pt, Pd/Ir, Pd/Ru [78, 79]. 

However, there are also M/S-systems, which do not show enhanced activities or activity 

diminishment [30, 31]. These findings were partly predicted, partly modeled after their 

experimental discovery by theoretical calculations. In the case of the HER for Pd 

submonolayers on Au(111), calculations by Eikerling and coworkers show that a spillover 

of adsorbed hydrogen atoms from the catalyst material to the support material can be a 

reason for the activity enhancement [41, 42]. Another influence on the HER/HOR may 

arise from defect sites on the support material. As mentioned in the previous section, 

electrochemical deposition preferably takes place at defect sites, where the electronic 
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structure of the support material differs from the bulk one. Thus, catalyst particles at these 

sites exhibit different properties than particles at defect free parts of the support. Finally, 

the most well-known and in many cases experimentally proven theory is related to the 

effects of tensile and compressive strain: DFT calculations show that strain in the lattice 

of metal M alters adsorption energies of reaction intermediates, such that the full 

multistep reaction is either promoted or constrained [35]. 

2.3.1 Strain and density functional theory 

The strain effect is based on the expansion or compression of a metal decoration on a 

different bulk support. Via electrochemical deposition or alloying of decoration metals M 

on or in bulk metals S, a pseudomorphic arrangement of M on/in S can be achieved. Due 

to the lattice mismatch of both materials, the surface of one or several overlayers M is 

usually strained, if its height does not exceed a few monolayers and if the lattice constants 

of M and S deviate only by a few percent. In Figure 2.3-1 compressive and tensile strain 

is shown for a lattice constant of M exceeding that of S and vice versa. 

  

Figure 2.3-1 Different constellations of strain: Compressive strain occurs if the lattice 

constant of metal M is larger than that of the bulk metal S. The opposite is true for tensile 

strain, where the lattice constant of the overlayer metal M is smaller than that of the bulk 

metal S. 

In contrast to experiments, the effect of strain on electrochemical reactions is easily 

implemented in computational methods by simply changing the lattice constant of the 

corresponding metal layer M to the lattice constant of the support layer S. 

These computations rely on density functional theory (DFT) methods, since this approach 

– although an approximation – allows for the treatment of systems with more than 1000 

electrons [80, 81]. DFT studies are ab initio or first-principles calculations, i.e. no 

experimental parameters are needed as input values. The fundamental simplification that 

makes such computations possible is the Born-Oppenheimer approximation. For the 
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investigated systems the motion of nuclei and electrons can be treated separately, because 

the nuclei move several magnitudes slower than the electrons. Since approximately 1990, 

DFT has become quite popular in the field of surface science thanks to Hammer, Nørskov 

and Groß, who focused on the determination of chemisorption energies of various atoms 

and molecules on different metal surfaces [33, 35, 37-39, 79, 82-84]. Via DFT 

calculations, ground state electron densities and therefore also ground state total energies 

are accessible by solving the Kohn-Sham equations, which are one-electron Schrödinger 

equations [80, 81]. 

One of the main drawbacks of DFT calculations for electrochemical systems is the 

impossibility to include the electrode potential in such equations. Further differences 

between experiment and simulations are temperature, which is 0K in simulations, and 

vacuum conditions, which are normally used in calculations. However, several groups 

already try to overcome these difficulties for example by calculating the influence of a 

water layer containing protons at the electrode surface to compensate for the 

electrolyte/electrochemical double layer. Additionally, different coverages of adsorbed 

species or an excess of electrons in the electrode material corresponding to different 

electrode potentials can be considered [85, 86]. 

According to the calculations of Hammer, Nørskov and coworkers, the d-band center of a 

pseudomorphic metal overlayer M on a metal support S shifts up or down, when the 

lattice constant of M is smaller or larger than the one of S, respectively. In the former 

case, this is due to a decrease of the local d-band width, which causes an upshift of the d-

band center, because the filling of the d-band needs to be maintained (compare with 

Figure 2.3-2). If then an adsorbate interacts with the strained metal overlayer, the 

chemisorption bond gets stronger the higher the d-band center of M. This can be 

concluded from the antibonding adsorbate state appearing above the Fermi level, which is 

empty and therefore increases the bonding strength [80]. Thus, the strength of an 

adsorbate’s chemisorption bond with a pseudomorphic overlayer M on support S 

increases in comparison with the chemisorption on bulk metal M, if the lattice constant of 

metal M is smaller than the lattice constant of the support metal S. The opposite is true for 

higher lattice constant of metal M with respect to metal S [34, 35, 39, 80, 82]. 
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Figure 2.3-2 A metal overlayer M (light gray circles) is deposited pseudomorphically on 

the surface of metal S (dark gray circles), whose lattice constant is larger than the one of 

M. The local d-band width of the overlayer M is lowered and the d-band center shifts up 

in order to maintain the d-band filling. 

In order to deduce the correlation of the theory of shifts in d-band centers and reaction 

rates the Sabatier principle combined with Volcano plots is often taken into account. The 

Sabatier principle [4] states that reaction intermediates, such as e.g. adsorbed hydrogen 

atoms in the HER, should neither bind too strong nor too weak on the electrode surface in 

order to achieve a high activity. The Volcano plot visualizes this principle by relating the 

exchange current 𝐼0, which is proportional to reaction rate, to adsorption energy (compare 

with Figure 2.3-3). For instance the free energy of hydrogen adsorption Δ𝐺𝐻 in the HER 

was found to be optimum at a value close to zero [34, 87].  

Now applying the model of the d-band shifts to a pseudomorphic Pt or Pd overlayer on an 

Au(111) surface (lattice constants: aAu=0.408nm, aPd=0.389nm, aPt=0.392nm [75]) this 

means that hydrogen atoms adsorb stronger on the overlayer than on the surface of a 

Pt(111) or Pd(111) crystal [34]. Taking also the Volcano plot into account the bulk metals 

should be more reactive than the overlayers, which is schematically shown in Figure 

2.3-3 for bulk Pd and a Pd overlayer on Au. Pašti and coworkers came to similar 

conclusions when studying hydrogen adsorption on Pt and Pd overlayers on the (111)-

surfaces of Pd, Pt, Cu and Au for different adsorption sites (threefold hollow, bridge and 

atop site) [88]. 
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Figure 2.3-3 Scheme of a Volcano plot for hydrogen adsorption: The reactivity is 

maximum at 𝛥𝐺𝐻 = 0. Hydrogen adsorption is too strong/weak for negative/positive 

adsorption energy, respectively. 

In spite of this, Björketun and coworkers recently determined adsorption energies varying 

to a great extent, for hydrogen adsorption on various sites of pseudomorphic Pdn islands 

on Au(111). For instance, Δ𝐺𝐻 was close to zero for hydrogen atoms adsorbed on the 

bridge position of rim sites of large Pdn islands (n≥3), whereas hydrogen adsorption on 

threefold hollow sites of such islands was rather strong (Δ𝐺𝐻 ≈ −0.3𝑒𝑉) [40]. (It is 

important to note that Δ𝐺𝐻 for the bridge position is calculated taking a full monolayer of 

hydrogen atoms adsorbed on the threefold-hollow sites into account. This is necessary, 

because the bridge position would not be filled prior to the threefold-hollow sites, which 

bind the hydrogen atoms much stronger.) 

Thus, such calculations have to be analyzed with care and adapted to specific systems, 

since the change in adsorption energy strongly depends on adsorbate coverage and the 

position of the adsorbate. 

Hence, it has become clear that strain strongly influences adsorption characteristics. 

However, any specific system has to be investigated in detail and if possible needs to be 

compared to experimental data. 

2.3.2 Defect density 

DFT calculations, as introduced in the previous section, are also quite suitable for the 

investigation of the theoretical behavior of defined surface structures with particular 

defect sites. Different types of defect sites were already mentioned in section 2.2.2 and 
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schematically depicted in Figure 2.2-2 (p. 24). Naturally, not even the highest-quality 

single crystal is defect free, but exhibits a certain number of defect sites, which are not of 

the same type. Hence, what is easily done in theory, i.e. to compute the activity of a 

certain defect site, is impossible in experiments: A single crystalline surface with only 

one specific type of defect cannot be fabricated. 

As a matter of fact, the preparation of well-defined single-crystalline surfaces was quite 

difficult in the past [15]. Thus, it was not easy to ascribe variations in activity of certain 

reactions to surface properties. Nevertheless, it has long been assumed and it was also 

demonstrated in several cases that specific surface sites allow for specific reactions in 

heterogeneous catalysis [6, 89-92]. One of the first reactions considered structure 

sensitive was ammonia (NH3) synthesis on iron (Fe) [93-95]. In this context, Boudart and 

coworkers reported that the rate of NH3 synthesis on Fe nanoparticles was dependent on 

the size of the nanoparticles and that their reactivity could be tuned by a synthesis-gas 

treatment. Further experiments showed that active sites for C-C, C-H and H-H bond 

breaking were steps and kinks on Pt(111) surfaces, because of high activities measured at 

stepped surfaces in comparison with defect poor Pt(111) [96-99]. More recent molecular 

beam experiments on hydrogen dissociation also show that step sites are more reactive 

than terrace sites [100, 101]. 

Similar to heterogeneous catalysis, electrocatalytic reactions were also believed to be site-

dependent. However, systematic investigations at single crystalline surfaces exhibiting a 

majority of specific defect sites, such as (111) steps or kinks, were only performed in a 

few cases. The rate constant of CO adlayer oxidation in alkaline electrolyte, for instance, 

was found to increase with increasing number of step sites by comparing different Pt 

single crystal surfaces with varying number of (110)-step sites, with (100)-step sites and 

with kink sites [102-105]. The reaction proceeds via an adjacent adsorption of CO and an 

oxygen-containing species, the two of them forming CO2. The step troughs were 

determined to be the preferential adsorption site for the oxygen-containing species, the 

adsorbed CO diffusing rapidly on terrace sites in order to react with the oxygen-

containing species at the step site. CO adsorbed on step sites was found to be less 

reactive, probably first converting into terrace species and diffusing to step-bound 

oxygen-containing species for the reaction to proceed. 

Another example for the dependence of an electrocatalytic reaction on defect sites is the 

HOR and HER on Pd electrodeposited on stepped or defect rich Au(111). Hernandez and 

Baltruschat [29] found a constant current density during HOR and HER for Pd on stepped 
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Au(332) as long as Pd coverage was less than one monolayer. At higher coverage the 

activity decreased. After mechanical damage of the Au(332) crystal, introducing many 

defect sites at the Au surface, similar measurements showed an increased activity of Pd 

when compared with the activity of Pd on the non-damaged crystal. The results were 

interpreted in terms of the role of Pd on defect sites of an Au(111) surface: HOR/HER 

occurred with rather high activity on these sites, the samples with low Pd coverage, i.e. 

with a Pd-Au boundary showing the best performance. Also Kibler [23] found a 

dependence of HER reactivity of Pd monolayers electrodeposited on Au(111) on step 

density. The current density for HER was measured by CV for a Pd monolayer on 

Au(111) with a miscut smaller than 1°, i.e. on an Au(111) surface with few defect sites, 

and for a Pd monolayer on a defect-rich Au(111) crystal with a miscut of 6°. The current 

density of the Pd monolayer on Au(111) with high step density was approximately a 

factor of three higher than the one measured at the Pd monolayer on Au(111) with low 

step density. 

Comparable systems were modeled theoretically to a large extent (see also section 2.3.1, 

p. 29ff.). Thus, in 1998 Mavrikakis, Hammer and Norskov argued that low-coordinated 

atoms, i.e. atoms of defect sites of a surface, can be compared to the atoms of strained 

metal layers [82]: The d-band center shifts up in energy with decreasing coordination 

number and therefore the adsorption energy on such sites is increased. However, 

theoretical calculations for the energy distribution at a metal deposit on defect sites of a 

support metal were not done so far. Yet, in a recent publication Björketun and coworkers 

mention the probability of a much enhanced activity of Pd-Au rim sites for the HER, 

based on DFT calculations of the hydrogen adsorption energy on a row of Pd atoms on an 

Au(211) step [40]. Furthermore, they studied the hydrogen adsorption on Pd clusters of 

different size on an Au(111) surface and determined several sites with free adsorption 

energy Δ𝐺 close to zero, such as e. g. the bridge position between two Pd atoms on the 

rim of a large Pd island, which forms a (100) step with the Au(111) surface (see Figure 

2.3-4). 
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Figure 2.3-4 Hydrogen atom (blue circle) adsorbed at the bridge site of a Pd island (gray 

circles) on an Au(111) surface (yellow circles). (Hydrogen atoms adsorbed at threefold-

hollow sites are not shown.) 

With respect to the HOR it might be more important to look at H2 dissociation on defect 

rich surfaces. Remarkably, there are several theoretical molecular dynamics/DFT studies 

on the H2 dissociation on stepped Pd and Pt surfaces, since these computations are also 

important for the comparison with experimental heterogeneous catalysis. In this context a 

higher reactivity of stepped surfaces in comparison with defect poor surfaces was found, 

which was also demonstrated experimentally [106, 107]. Furthermore, it turned out that 

(111) steps on a Pt surface are more reactive than (100) steps, with the maximum 

enhancement factor of three when compared to a defect poor surface [106]. 

2.3.3 Spillover 

Similarly to the influence of defect density on reactivity, the effect of spillover was first 

observed in heterogeneous catalysis [108-113]. The expression itself probably emerged 

because of its literal meaning: In linguistics the word spillover is closely related to an 

excess. This correlation prompts to the fundamental idea of spillover: If a catalytically 

active surface on an inactive support is fully covered by reactants, additional reactants 

adsorbing at the catalyst constitute an excess coverage. Under certain circumstances this 

excess coverage may spill over to the inactive support surface, although direct adsorption 

on the inactive support surface is inhibited because of too high activation energy (see 

Figure 2.3-5). Theoretically, spillover is also possible for systems without excess 

coverage of reactants on the catalyst. In any case the thermodynamic precondition is a 

high activation barrier for direct adsorption of reactants on the inactive support and a 

comparably low activation barrier for the transfer, i.e. the spillover, of adsorbed species 

from the active to the inactive material. This can be an endothermic or an exothermic 
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process, for which the reactant either adsorbs weaker or stronger on the support, 

respectively [113]. 

 

Figure 2.3-5 Scheme of the spillover effect in heterogeneous catalysis. A diatomic 

molecule in the gas phase diffuses in the bulk and is adsorbed on the catalytically active 

surface. The adsorbed species diffuse on the catalyst surface, reaching the catalyst-

support interface, spillover to the support surface and diffuse there. 

Since these prerequisites are also met in several electrochemical systems, spillover was 

observed in corresponding reactions [114-116]. For instance, Lipkowski and coworkers 

showed that hydrogen atoms, which were adsorbed on Pt, spilled over to a SiOx-support 

surface, thereby considerably increasing the amount of adsorbed hydrogen on the 

electrode surface [115]. Hence, in most cases an enhanced reaction rate was the origin for 

the consideration of a spillover effect followed by a detailed investigation of the specific 

system. 

In 2003, Eikerling and Stimming provided a kinetic model for a spillover effect during 

the HER on a single Pd nanoparticle on Au(111) [41], after the observation of an 

enhanced reactivity of small Pd nanostructures on Au(111) in comparison with Pd 

overlayers on Au(111) [25-27]. Their calculations matched experimental results of Meier 

and coworkers, who studied the influence of height and width of a single Pd nanoparticle 

on electrocatalytic activity [25, 117]. In 2010 the model was adapted to an extended 

Au(111) surface with a large number of pseudomorphic Pd nanoislands, generated by 

electrochemical deposition [42]. 

The underlying mechanism is comparable to the phenomenon of spillover in 

heterogeneous catalysis (see Figure 2.3-6): A proton, which is present in the electrolyte, 

approaches the catalyst, gets adsorbed on the particle by consuming an electron and thus 

forms an adsorbed hydrogen atom Had (1, Volmer reaction). The adsorbed hydrogen atom 
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Had diffuses on the catalyst surface (2). At the rim of the catalyst surface, it spills over to 

the support surface (3), where it possibly diffuses (4). It either recombines with a second 

adsorbed hydrogen atom Had to form molecular hydrogen H2 (5a, Tafel reaction), or it 

reacts to H2 with another proton, consuming one electron (5b, Heyrovsky reaction). After 

all H2 desorbs from the support surface (6). 

 

Figure 2.3-6 Scheme showing the spillover effect for the HER on Pd/Au(111): (1) A 

proton from solution diffuses in the bulk and gets reduced by consuming one electron at 

the catalyst surface (Pd), forming an adsorbed hydrogen atom Had. (2) Had diffuses on the 

Pd surface and (3) spills over to the support surface (Au). (4) Had diffuses on the Au 

surface. (5a+6) Two Had recombine to molecular hydrogen H2, which desorbs from the 

Au surface. (5b+6) One Had, a proton and an electron form H2, which desorbs form the 

Au surface. 

A closer look on related theoretical values reveals the following correlation: The free 

energy of reaction Δ𝐺 for the Tafel and the Heyrovský reaction occurring on a Pd surface 

is 0.8eV and 1eV, respectively [118]. The corresponding Δ𝐺 for the reactions on an Au 

surface is 0.5eV and 0.7eV, respectively. These numbers imply that a spillover of Had 

from Pd to Au and a Tafel or Heyrovský reaction occurring on Au is probable if the 

adsorption energy of hydrogen atoms Δ𝐺𝐻 on the Pd surface is at maximum lower by 

0.3eV than on the Au surface. The free adsorption energy Δ𝐺𝐻 of Had on Au is 

approximately 0.3eV for 𝜃𝐻<0.1 [118]. As mentioned earlier, Δ𝐺𝐻 of Had on Pd is close 

to zero for specific adsorption sites, such as e.g. the bridge position of rim sites of Pdn 

islands [40] (see also section 2.3.1, p. 32). Therefore, spillover is possible from a 

theoretical point of view. 

With this effect catalyst surface sites are freed from adsorbed hydrogen Had by spillover 

and can adsorb another proton from solution. Moreover, H2 desorption from the support is 

faster than from the catalyst surface due to lower binding energy. Both implications yield 

a higher total turnover rate and therefore enhance the HER activity. 

The kinetic model, established by Eikerling et al. [41, 42], is based on Fick’s first and 

second law in combination with reaction-rate equations, thereby describing the current 
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flow at the electrode surface. In principle, the model resembles the derivation of the 

overpotential-current relation, which was described in chapter 2.1.2. However, the 

spillover model accounts for the surface diffusion of adsorbed hydrogen on catalyst and 

support surface. Moreover, recombination of adsorbed hydrogen Had and desorption of 

molecular hydrogen H2 via the Tafel step or H2 desorption via the Heyrovský step is 

implemented (see also chapter 2.2.1 for reaction steps, p. 21f.). Thus, the calculation is 

very complex and was numerically solved in the case of the Volmer-Tafel path [41, 42]. 

The equation for the Volmer-Heyrovský path was solved analytically. The ideal radius of 

a circular Au surface surrounding a catalyst particle with a radius of 1-3nm was 

calculated to be between 30nm and 40nm. Experimental results could be reproduced for 

measurements on single Pd nanoparticles as well as for Pd nanoislands on an extended 

Au(111) surface by fitting theoretical curves to experimental values. In the latter case, 

accordance of experiment and theory was only achieved for the Volmer-Heyrovský 

mechanism. Several kinetic parameters were determined, such as the rate constant of 

hydrogen adsorption on the catalyst surface and the rate constant of the Heyrovský 

reaction on the support surface. They varied with Pd-nanoparticle/nanoisland size and 

were in line with the idea of spillover effect. Hence, the rate constant of H2 desorption 

from the catalyst surface was much higher for a large Pd particle compared with a small 

one, demonstrating that most of the produced H2 desorbed from the catalyst instead of the 

support surface. Thus, spillover was diminished at the large particle [41]. 

In principle, such a mechanism is also imaginable for the HOR on Pd/Pt nanostructures 

on Au(111) (compare with opposite pathway of Figure 2.3-6): H2 transforms into Had via 

the Tafel or the Heyrovský pathway (6+5a/b), Had diffuses on the Au surface (4) and 

spills over to the Pd surface (3). Had diffuses on the Pd surface (2) and, by losing one 

electron, it desorbs as a proton (1). Thermodynamic prerequisites, such as an 

energetically favorable hydrogen dissociation on the Au(111) surface, were shown to hold 

for particular defect sites on an Au(111) surface and on Au clusters [119]. However, this 

mechanism implies that free defect sites are available on the Au(111) surface to dissociate 

molecular hydrogen. Since Pd and Pt preferably deposit on defect sites of an Au(111) 

surface, spillover is only possible at very low Pd/Pt coverage or at very high defect 

density on the Au surface. Hence, spillover during HOR is not only determined by the 

radius and spacing of catalyst structures on the Au surface, as in the case of HER, but 

additionally by the number and type of defect sites on the Au surface. 
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3 Materials and methods 

3.1 Equipment and consumables 

X-ray photoelectron spectroscopy (XPS) measurements were performed at Paul Scherrer 

Institute (PSI) using a VG ESCALAB 220iXL spectrometer (Thermo Fisher Scientific) 

equipped with a twin anode X-ray source (Mg Kα, Power: 300 Watt). The spectra were 

recorded in constant analyzer energy mode at a pass energy of 20 eV for high resolution 

acquisition of core level spectra. The XPS system was calibrated using the Ag 3d5/2, the 

Cu 2p3/2 and the Au 4f7/2 lines of sputter cleaned samples as reference signals. The data 

was evaluated using the Avantage software (v. 4.43, Thermo Fisher Scientific). EC STM 

measurements were performed with a PicoSPM base (Molecular Imaging), which was 

equipped with a Nanoscope IIIA controller (Veeco) and a bipotentiostat/galvanostat 

BP600 (EC-Tec). Therefore, a Teflon ring was fixed on the sample surface, which was 

then filled with electrolyte. Tips were prepared by etching a gold wire (Carl Schaefer, 

99.99%) in HCl (32%, Merck, extra pure) and covering it with Apiezon wax (Plano). For 

tapping mode AFM investigations a Multimode EC STM/AFM system (Veeco) and n-

doped Si cantilevers (Bruker) with a nominal tip radius of 8nm were used. All 

electrochemical measurements, except EC STM measurements, were carried out in glass 

cells with a standard three electrode configuration. An Autolab potentiostat (PGStat30N, 

Deutsche METROHM) provided potential and/or current control. For HOR-/HER-

potentiostatic pulses on the Pt nanoislands on defect-poor/-rich Au(111) (see section 4.2, 

p. 67) a home-made potentiostat was used together with a function generator (Agilent 

Technologies) and an oscilloscope (Tektronix Inc.). Any glassware was cleaned in 

peroxymonosulfuric acid (Caro’s acid) and rinsed and boiled in Milli-Q water 

(18.2Mcm, TOC<2ppb, Merck Millipore). Au wires (Carl Schaefer, purity: 99.99%), 

and for Cu underpotential deposition (Cu upd) a Cu wire (Alfa Aesar, Puratronic, purity: 

99.9999%) were used as counter electrodes. A mercury sulfate electrode (MSE, 

Hg/Hg2SO4/SO4
2-

 (0.1M K2SO4), Schott) in 1M sulfuric acid (H2SO4), was used as a 

reference electrode for electrochemical measurements in 1M perchloric acid (HClO4) in 

glass cells (EMSE(1M)=0.675V vs. SHE). Only for Pt deposition, another MSE in 0.1M 

H2SO4 (EMSE(0.1M)=0.720V vs. SHE) was utilized. In the case of EC STM an oxidized Au 
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wire in 0.1M HClO4 served as reference electrode (EAu/AuyOz≈1.25V vs. SHE). Working 

electrodes, which are described in more detail in section 3.2 (p. 40), were covered with a 

Teflon tape (CMC Klebetechnik) with a circular hole to guarantee a defined surface area. 

Contact was established with a gold wire on the WE surface, which was also covered by 

the Teflon tape. Only in the case of Au pillars on highly doped Si surfaces, the samples 

were contacted on the rear side of the sample. This side was treated with a drop of HF to 

remove the natural oxide and coated with silver paste. The Au wire was positioned on the 

silver paste to establish an Ohmic contact. Electrolytes were prepared with Milli-Q water 

and the following chemicals: H2SO4 and HClO4 (96% and 70%, Merck, suprapur), 

potassium hexachloroplatinate(IV) (K2PtCl6) (Sigma Aldrich, purity: 99.99%) and copper 

sulfate (CuSO4) (Alfa Aesar, purity: 99.999%). Pt micelles were fabricated with 

PS(1850)-b-P2VP(900) diblock copolymers (Polymer source Inc.), toluene (J.T. Baker, 

VLSI Grade, purity: >99.5%) and Potassium trichloro(ethylene)platinate(II) hydrate 

(K[PtCl3(C2H4)]⋅H2O, Zeise’s salt) (Sigma Aldrich, Product No. 244953). Used gases 

were: Argon (Ar) and hydrogen (H2) (4.8 and 5.0, Linde) and carbon monoxide (CO) 

(4.7, Messer Griesheim). 

3.2 Support material 

3.2.1 Gold films on glass 

The working electrodes used for investigations on Pt nanostructures on Au(111) (see 

chapter 4, p. 57) consisted of a 250±50nm thick Au layer on 2.5±1.5nm chromium (Cr) 

on borosilicate glass (Dr. Schröer, Arrandee). The preferential orientation of these Au 

layers is 111, which is confirmed by X-ray diffraction (XRD) measurements. The samples 

were annealed with a Bunsen burner at about 900°C for several minutes until a light 

orange color was observed and then cooled with a drop of Milli-Q water in Ar 

atmosphere. The procedure was repeated three times. This yielded flat Au(111) islands on 

the surface of the sample, which consisted of single-crystalline domains, limited by grain 

boundaries. Each sample was then cycled in Ar-purged 1M H2SO4 between 0.33V and 

1.08V vs. SHE (scan rate 0.1V/s) until a stable voltammogram was obtained. Within this 

potential range the reconstruction was lifted and peaks for the SO4
2-

-phase transition at 

Au(111) terraces occurred at about 1V vs. SHE, as expected from literature data [62, 

120]. The procedure was repeated in Ar-purged 1M HClO4 between -0.08V and 0.92V vs. 
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SHE (scan rate 0.1V/s) to make sure that neither the Au surface nor the electrolyte were 

contaminated by impurities. Such samples are referred to as non-oxidized or defect-poor 

Au(111) and/or marked by a polarization current Ip=0 in the discussion of the 

electrocatalytic activity of Pt nanoislands on defect-poor and defect-rich Au(111) (section 

4.2, p. 67ff.) 

In order to generate a defect-rich Au(111) surface the sample was oxidized via a 

galvanostatic pulse for 5s at a current of 0.15A in Ar-purged 1M HClO4 in a separate cell. 

The oxide was reduced via cyclic voltammetry (CV) and two more cycles were applied in 

the potential range of 0.04 to 1.76V vs. SHE (scan rate 0.1V/s). The CV was stopped at a 

potential where the Au surface was in a reduced state. These samples are in the following 

referred to as oxidized and reduced or defect-rich Au(111) and/or marked by a 

polarization current Ip=0.15A. Oxidation and reduction of Au surfaces is extensively 

discussed in literature [121-128]. It was shown that such surface treatment leads to an 

increased number of step and defect sites.  

Since the pretreatment without galvanostatic oxidation yielded Au(111) surfaces with 

comparably low defect density, these samples are referred to as non-oxidized or defect-

poor Au(111) surfaces and/or marked by a polarization current Ip=0. 

3.2.2 Nanostructured gold surfaces 

In the case of the nanostructured electrodes (see also chapter 4.4) working electrodes 

were boron (B) doped Si wafers (p/boron, (100), resistance: <0.002cm, Si-Mat) with a 

very thin native oxide layer (~2nm) and Au nanostructures on top. The samples were 

fabricated in a clean room. Si wafers were cleaned with acetone and isopropanol (both 

solvents: Avantor Performance Materials B.V.) in an ultrasonic bath before the actual 

nanostucturing process.  

In order to generate polymer lines on Au, a thin titanium (Ti) layer (4nm) followed by a 

20nm-thick Au layer (Au: Permion, purity 99.999%, Alfa Aeasar; Ti: purity 99.99%, 

Lesker Evaporation Materials) was either thermally (chamber pressure ~10
-6

mbar) or e-

beam (chamber pressure ~10
-7

mbar) evaporated on the Si wafer. The thin Ti layer was 

necessary for adhesion of the Au layer on the substrate. A polymeric imprint resist 

(mr8010; Microresist Technologies) was then spin coated on the Au surface within 30s 

with 3000rpm. After thermal curing at 120°C for 2min, the resist layer was 100nm thick. 

This resulted in a 100nm-polymer/20nm-Au/4nm-Ti/2nm-SiO2/Si structure [51]. Such 
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samples were utilized for nanoimprint lithography (NIL). The corresponding principle is 

depicted in Figure 3.2-1. A Si mold (dimensions 1cm x 0.5cm; IMS Chips), fabricated via 

e-beam lithography and consisting of 60nm wide lines with a spacing of 250nm, was 

functionalized by a self-assembled monolayer (SAM) in order to improve the 

hydrophobicity of the surface and thus provide a good delamination. Substrate and mold 

were placed on top of each other on the sample holder of the nanoimprinter (2.5 inch 

Nanoimprinter, Obducat). This stack was covered with aluminum foil and inserted into 

the pressure chamber of the nanoimprinter. The NIL process was started with an initial 

heating-up of the sample to 165°C, followed by the direct application of a pressure of 

35bar for 7min. Subsequently, the mold-substrate stack was cooled down to a temperature 

of 80°C at a constant pressure of 35bar for about 5min. As soon as these two process 

steps were finished the stamp-substrate stack was taken out of the system. Then the mold 

was separated vertically from the substrate resulting in a grating in the polymer on top of 

the sample structure (compare with Figure 3.2-1). The residual layer was etched down by 

a brief oxygen plasma treatment according to previously calibrated etching rates. Since 

this is an isotropic process, the vertical etching of the polymer was accompanied by a 

lateral etching making the imprinted trenches wider while narrowing the spacing between 

two neighboring trenches. This method yielded ~100nm wide and ~75nm high polymer 

lines with a spacing of ~250nm on the Au surface. Acetone and isopropanol (chromasolv, 

Sigma Aldrich) were utilized to dissolve the polymer lines when needed. 

 

Figure 3.2-1 Principle of nanoimprint lithography (NIL): The substrate is coated with a 

polymeric resist. A mold is pressed into the resist (a) to yield an imprinted pattern (b). By 

oxygen plasma etching, residues are removed (c). 

For nanotransfer printing (nTP, compare with Figure 3.2-2), another Si mold (dimensions 

0.3mm x 0.3mm, IMS Chips) with cylindrical pillars (diameter ~100nm, spacing 

~200nm, height ~40nm) was functionalized with a SAM and coated with a 20nm thick 

Au layer followed by a 4nm thick Ti layer. The Au/Ti surface and the Si substrate were 

treated with an oxygen plasma to improve the adhesion of the metal structures on the Si 

surface. Substrate and mold were placed on top of each other on the sample holder of the 

nanoimprinter, covered with Al foil and inserted into the pressure chamber. At first, a 
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pressure of 30bar was applied for 1min and temperature was raised to 200°C at 30bar for 

4min. After this process the mold-substrate stack was separated immediately. The back 

side of the nanostructured Si sample was treated with hydrofluoric acid (HF, 5%, BASF) 

and coated with a silver paste for electrical contact. 

 

Figure 3.2-2 Principle of nanotransfer printing (nTP): The mold is coated with a metal 

(a) and pressed on a Si substrate (b), yielding metallic nanostructures on the Si surface 

(c). 

3.3 Deposition of platinum islands and particles on gold 

3.3.1 Electrochemical deposition 

Electrochemical deposition of a metal is not only determined by elementary 

electrochemical steps such as diffusion, desolvation, electron transfer, nucleation and 

growth, but also by material properties such as crystal lattice constants or step/defect 

density. Furthermore, there are various procedures to electrochemically deposit a metal 

on another. In the case of Pt deposition on Au surfaces from 0.5mM K2PtCl6 + 1M HClO4 

electrolyte, the deposition potential is determined by two reactions: First, the Pt
4+

-ion 

reacts to a Pt
2+

-ion (𝑃𝑡𝐶𝑙6
2− + 2𝑒− ⇌ 𝑃𝑡𝐶𝑙4

2− + 2𝐶𝑙−) at 𝑈Θ = 0.74𝑉 vs. SHE, then the 

Pt
2+

-ion reacts to metallic Pt (𝑃𝑡𝐶𝑙4
2− + 2𝑒− ⇌ 𝑃𝑡 + 4𝐶𝑙−) at 𝑈Θ = 0.73𝑉 vs. SHE 

[129]. Theoretically, at a standard electrode potential 𝑈Θ of ~0.73V vs. SHE the system is 

in equilibrium and no deposition happens. At a potential negative of 𝑈Θ deposition takes 

place and positive of 𝑈Θ Pt is dissolved. The equilibrium potential for the mentioned 

electrolyte concentration (0.5mM K2PtCl6+1M HClO4) was not known and therefore 

determined experimentally. Before and after the deposition routine was started, a 

potential of 1.12V vs. SHE was applied to the Au surface to make sure that no deposition 

occurred. After the deposition procedure the electrode was removed from the electrolyte, 

extensively rinsed with Milli-Q water and transferred to another electrochemical cell. 

Nevertheless, when dipping the Au electrode into the electrolyte at 1.12V vs. SHE and 

removing it immediately, a very small amount of Pt can be detected on the Au surface 
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with further characterization methods (for characterization techniques see section 3.4.4, p. 

51ff.). 

However, cyclic voltammetry (CV), i.e. application of a triangular voltage and 

simultaneous recording of the current flow, at an Au(111) surface in 0.5mM K2PtCl6 + 

1M HClO4 electrolyte shows that deposition can only be detected at potentials below 

approximately 0.65V vs. SHE in the first negative scan (compare with Figure 3.3-1). The 

sample was immersed in the electrolyte at 1.12V vs. SHE and the CV was started with the 

negative scan (black curve). At 1.0V vs. SHE the [PtCl6]
2-

-complex was most probably 

reduced to [PtCl4]
2-

, which is indicated by a negative peak [71]. Only at potentials smaller 

than 0.65V vs. SHE the [PtCl4]
2-

-complex was reduced to metallic Pt. This may be due to 

the high stability of the adsorbed [PtCl4]
2-

-complex on the Au surface [71]. The 

overpotential for Pt deposition is reduced, when Pt is already present on the surface, 

which can be seen from the negative current in the positive scan (red curve), in which 

deposition took place up to a potential of 0.8V vs. SHE.  

 

Figure 3.3-1 Pt deposition by cyclic voltammetry: CV at an Au(111) electrode in 0.5mM 

K2PtCl6 + 1M HClO4 with a scan rate of 0.05V/s. Initially, deposition overpotential is 

relatively high, since Pt is only deposited negative of 0.65V vs. SHE, which can be seen 

from the negative scan. In the positive scan a negative current can be detected up to a 

potential of 0.8V vs. SHE. Thus, deposition overpotential is decreased, once Pt is present 

on the Au(111) surface. (The negative peak at 1.0V vs. SHE is probably due to the 

reduction of the adsorbed [PtCl6]
2-

 complex to [PtCl4]
2- 

[71].) 
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To effectively control the deposition process with regard to deposition rate/sites, number 

and size of deposited particles, either potentiostatic single or double pulse deposition is 

used. For single pulse deposition, the sample is immersed into the electrolyte at 1.12V 

vs. SHE. Then, a certain deposition overpotential dep is applied for a defined time tdep 

and the potential is returned to 1.12V vs. SHE. In this case deposition overpotential dep 

can be chosen such that Pt preferably deposits at step/defect sites or at terrace sites. The 

higher deposition overpotential dep, the higher the number of Pt particles and the higher 

the fraction of particles, which deposit at terrace sites. 

For double pulse deposition, the sample is again immersed into the electrolyte at 1.12V 

vs. SHE. Then, a first nucleation pulse with a rather high nucleation overpotential nuc, is 

applied for a very short nucleation time tnuc, in order to generate a defined number of Pt 

nuclei on the Au surface. After that a comparably small growth overpotential gro is 

applied for a growth time tgro. This procedure is advantageous when a defined deposition 

on Au terrace sites is pursued. Since Pt preferably grows at the Pt nuclei established in the 

nucleation process, the growth overpotential can be chosen such that deposition happens 

in the diffusion limited regime, i.e. all particles grow with the same velocity and are 

therefore very similar in size (for more details see [32]). 

Whenever the deposition current was monitored, the corresponding charge flow could be 

calculated and was related to the amount of Pt present on the electrode surface. Pt 

deposition charge was estimated as q=840μC/cm
2
 per Pt monolayer because of the Pt

4+
 

state in the deposition solution. 

In any case, the electrolyte was purged with Ar to remove all oxygen from the electrolyte, 

which was not stirred during the deposition process. 

3.3.2 Micellar technique 

Complementary to electrochemical deposition, hexagonally ordered Pt nanoparticle 

arrays were fabricated on Au(111) by diblock copolymer micelle lithography (BCML) 

[44, 45, 130, 131]. Whereas with electrochemical deposition randomly distributed Pt 

nanoislands with a height of one to about three atomic layers are formed on the Au(111) 

surface [43], with BCML an ordered array of spherical Pt nanoparticles is generated. 

Using this method, a variation in particle diameter is possible in the regime of 1-15nm by 

loading the micelles with different amounts of Pt-precursor. Additionally, the spacing of 
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the particles can be varied from 30 to 140nm by using diblock copolymers with different 

lengths of the blocks. 

At first, poly(styrene)-block-poly(2-vinylpyridine) (PS-b-P2VP) diblock copolymers were 

dissolved in toluene at a concentration of 20g/l. Here, the PS block is preferentially 

dissolved and the P2VP is nearly insoluble. The solution was stirred for one week, 

resulting in the formation of spherical reverse micelles (compare with Figure 3.3-2). 

These micelles were treated with Zeise’s salt (K[PtCl3(C2H4)]⋅H2O) as a metal precursor 

with a loading factor of 0.5 and stirred for another week. The [PtCl3(C2H4)]
-
 ions were 

bound as counterions in the polar core of the micelles by protonating the pyridine units. 

The solution was then mixed with anhydrous hydrazine in dry toluene at which the 

[PtCl3(C2H4)]
-
 ions were reduced to form one Pt particle in each micelle. The size of the 

particle was controlled by the original amount of [PtCl3(C2H4)]
-
 ions in the core of the 

micelle, which was equal in all micelles. 

 

Figure 3.3-2 Diblock copolymers (a) form spherical reverse micelles (b), when dissolved 

in toluene. Then micelles are loaded with a metal precursor (c), which is reduced by 

adding hydrazine to the solution and forms one metal particle in the center of a micelle 

(d). 

Au(111) supports were then dipped into the micellar solution at 90mm/min, pulled out at 

7mm/min and dried in air. A hexagonally ordered micellar monolayer remained on the 

Au(111) surface (compare with Figure 3.3-3). Pt nanoparticles were formed by treating 

the micelle-decorated substrates with an H2 plasma for 90min at 160W and 0.8mbar 

chamber pressure. 

 

Figure 3.3-3 A hexagonally ordered micellar monolayer is established on the substrate 

after dipping it into the micelle solution (a). By a plasma etching step with H2, 

nanoparticles are formed on the substrate (b). 
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Furthermore two samples were subjected to a heat treatment for better adhesion of the Pt 

particles: The samples were placed in a RTP (rapid thermal processing) oven at 300°C in 

oxygen atmosphere. Sample #1 was not annealed, sample #2 was annealed at this 

temperature for 10s and sample #3 for 10min. The samples were cooled down in oxygen 

atmosphere. Before HER/HOR measurements, the samples were subjected to an 

activation procedure, i.e. mild oxidation and reduction via CV (for more details see 

chapter 4.3, p. 79ff.), to remove impurities from the sample surface. 

With this procedure spherical Pt particles with a diameter of about 6nm and a spacing of 

60nm were established on the Au(111) surface. 

3.4 Characterization techniques 

3.4.1 X-ray photoelectron spectroscopy 

By XPS the chemical composition of the first few atomic layers of a surface can be 

detected [132]. A sample is irradiated with monoenergetic soft X-rays in vacuum, which 

interact with atoms in the surface region (≈1-10m), and the energy of the emitted 

electrons is analyzed. The resulting spectrum is composed of the number of detected 

electrons per energy interval and their kinetic energy. Each element has a characteristic 

spectrum. Since the mean free path of electrons in solids is quite small, detected electrons 

originate only from the first few atomic layers. Quantitative data can be obtained by 

analyzing peak heights or areas. Concerning this thesis, however, identification of 

chemical states was important, which is possible through exact measurement of peak 

positions and separations and comparison with literature data. 

In section 3.2.1 (p. 40ff.) the fabrication of a defect-rich Au(111) surface was discussed. 

The oxidation-reduction sequence applied in this context was a rather severe treatment of 

the electrode surface. Therefore, it was necessary to exclude that any oxide remained on 

the surface after reduction. Otherwise the defect-poor and defect-rich Au(111) surface 

hardly could have been compared, due to a different surface composition. 

Thus, three different samples were prepared for XPS [133] according to the description in 

section 3.2.1: One sample was annealed and cycled in 1M H2SO4 and 1M HClO4 in the 

double layer regime. This sample was not oxidized (Ip=0). A second one was pretreated 

like the one before and additionally oxidized and reduced (Ip=0.15A). A third sample was 
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pretreated like the first one and then galvanostatically oxidized only, i.e. the oxide was 

not reduced. 

3.4.2 Scanning probe microscopy 

In 1981 Binnig, Rohrer, Gerber and Weibel introduced their concept of vacuum tunneling 

through an adjustable gap between a metal tip and surface, which led to the establishment 

of the first STM in 1982 [134, 135]. The underlying principle is to scan a metal tip over a 

conducting surface with a distance of a few Ångström [136]. A voltage is applied 

between tip and surface resulting in a tunneling current It, which occurs due to the 

quantum mechanical tunneling effect, when tip and surface are close enough. The STM 

can be operated in the constant current mode, in which the tunneling current is used to 

adjust the separation between tip and sample surface and therefore an image of the 

electronic structure of the surface is generated. Since It is exponentially dependent on the 

separation and the work function of the sample surface, a very high resolution, in the best 

case atomic resolution, of the corresponding images can be reached. If the work function 

is constant the topography of the sample surface is imaged, as in the case of metals. 

In 1986, the invention of atomic force microscopy [137] and electrochemical scanning 

tunneling microscopy [138-140] followed. 

Electrochemical scanning tunneling microscopy (EC STM) 

An EC STM operates identically to an STM, but a small electrochemical cell resides on 

the sample side, which is composed of a compartment filled with electrolyte on top of the 

sample surface, a reference and a counter electrode. A tip is dipped into this compartment 

and the potential at tip and sample, which are both working electrodes, as well as the 

voltage between these electrodes is controlled by a bipotentiostat, together with counter 

and reference electrode. To inhibit a substantial faradaic current flow through the tip, it is 

insulated with wax and only the very top of the apex is left uncovered to detect the 

tunneling current. 

For EC STM measurements samples were pretreated and in several cases coated with Pt 

as described in section 3.3.1 (p. 43ff.). Pt surface area was analyzed by hydrogen 

adsorption only (see section 3.4.4.1, p. 51ff.) to image a surface very similar to the one 

used for electrocatalytic activity measurements. Each sample was fixed on a sample 

holder together with a Teflon ring, which was then filled with 0.1M HClO4, to cover the 

sample surface. If not stated otherwise, the working electrode (WE) potential was 
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UWE=0.4V vs. SHE, the tip potential was Utip=0.5V vs. SHE. Thus, the applied potential 

difference between WE and tip was ΔU=0.1V, with a tunneling current of It=1nA in 

constant current mode. 

Tapping mode atomic force microscopy (TM AFM) 

Comparable to STM, for AFM a cantilever with a tip is scanned over the investigated 

surface. This surface, however, can also be an insulator or a semiconductor, since the 

operation principle is based on the forces between tip and sample surface. Depending on 

the particular configuration, mechanical contact forces, van der Waals forces, capillary 

forces, chemical bonding, electrostatic forces etc. are measured to monitor the surface. If 

this force is kept constant, the distance between tip and sample is maintained. The 

deflection of the cantilever is measured through a laser reflected from the back side of the 

cantilever onto an array of photodiodes. If the system is operated in tapping mode (TM), 

an alternating voltage is applied to the cantilever, which oscillates at nearly its resonance 

frequency. The forces between sample and tip influence the amplitude of this oscillation, 

which is measured and kept constant by adjusting the distance between sample and tip. In 

this way an image of the sample topography is generated. 

If the features that are imaged and the tip radius are of approximately same size/diameter, 

the lateral resolution suffers from convolution. This is for example the case when imaging 

spherical Pt nanoparticles on an Au surface with a radius of about 10nm with a tip that 

has a radius of 8nm. Deconvolution of tip and particle shape can only be done, when the 

tip shape is known, which was not the case in the presented measurements. However, the 

detected height is not influenced by such a convolution. 

3.4.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is used to determine various properties of 

an electrochemical system by applying an alternating voltage, which is added to the 

electrochemical potential between working and reference electrode, and monitoring the 

corresponding current and phase shift. This is usually done with a frequency response 

analyzer (FRA) and the impedance Z is calculated. The frequency of the ac voltage or the 

electrochemical potential can be varied. When operated at a potential where faradaic 

reactions take place the charge-transfer resistance and therefore the exchange current can 

be evaluated. However, for this thesis frequency-dependent EIS at potentials in the 

double-layer regime was used. 
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In the double layer regime, an electrochemical cell can be modeled by a resistor R, which 

represents the Ohmic resistance R, in series with a capacitor C, which represents the 

double-layer capacitance CDL [53]. If an ac voltage with various frequencies is applied to 

such an electric circuit, the dominating element in the high frequency regime is the 

resistor R and in the low frequency regime it is the capacitor C. Such a measurement can 

be presented either in a Bode or in a Nyquist plot (see Figure 3.4-1), from which R and 

CDL can be determined. In a Bode plot, the logarithm of the absolute value of the 

impedance Z, log|Z| and the phase angle  are plotted against the logarithm of the 

frequency =2f. In a Nyquist plot the imaginary part of the impedance Z’’ is plotted 

against the real part Z’. In this plot, R corresponds to the value at the Z’-axis for Z’’=0. 

In a Bode plot R is the value resulting from an extrapolation of the linear regime of the 

|Z| curve at high frequencies (105𝑠−1 − 107𝑠−1) to the |Z| axis. CDL is determined by 

evaluation of the slope of the linear regime of the |Z| curve in the Bode plot at low 

frequencies (1𝑠−1 − 103𝑠−1). 

  

Figure 3.4-1 Example of a Nyquist (left) and corresponding Bode plot (right) for an EIS 

measurement of an electrochemical cell with an electrolyte resistance R=1 and a 

double-layer capacitance of CDL=20F in a frequency range from 1Hz to 1MHz (𝜔 ≈

6.3𝑠−1 − 6.3 ⋅ 106𝑠−1). 

Frequency-dependent EIS was performed in Ar-purged 1M HClO4 at different potentials 

in the double-layer region, U=0.33V, 0.23V and 0.13V vs. SHE, in a frequency range 

from 1Hz to 1MHz. A single sine wave with an amplitude of 0.01V was applied. With 

such measurements the Ohmic resistance of the electrolyte R was measured, as well as 

the double layer capacitance CDL. These values were used to identify the time range, in 
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which double layer charging dominated the current flow during potentiostatic pulse 

measurements (see also section 3.4.5, p. 53ff.). 

3.4.4 Cyclic voltammetry 

Cyclic voltammetry (CV) is the most common technique in electrochemistry for the 

characterization of electrode surfaces. A triangular voltage is applied between the 

investigated, so called working electrode (WE) and the reference electrode (RE). 

Simultaneously, the current flow through the WE is measured. This results in a voltage-

current plot, which shows characteristic features depending on the types of processes 

happening at the WE surface, such as ad- and desorption, oxidation or reduction. When 

the properties of an investigated sample change, the CVs may show different 

characteristic features, which can be interpreted in terms of e.g. crystal structure or size of 

nanoparticles present on the surface. 

In this work, CV was mainly applied to determine the Au and Pt surface area of the 

various samples that were investigated. The general procedure is to integrate the 

measured current for a specific process, such as deposition or reduction of an oxide, over 

time, which yields the corresponding charge flow. This charge can be compared to 

literature values and related to a certain surface area. The Pt coverage will be given as a 

certain fraction of one monolayer (ML) throughout the experimental sections. This 

fraction is calculated by relating the Pt surface area to the geometric surface area of the 

electrode, for Pt nanoislands, which are one atomic layer in height as well as for Pt 

nanoparticles, which are several atomic layers in height. Hence, in the case of “two-

dimensional” Pt nanoislands a Pt coverage of x monolayers means that a fraction of (1-x) 

of the electrode surface is not covered by Pt. However, in the case of three-dimensional Pt 

nanoparticles, more than the fraction of (1-x) of the electrode surface is not covered by Pt. 

If not denoted otherwise, any CV measurements were conducted in 1M HClO4 with a 

scan rate of 0.1V/s. 

3.4.4.1 Ad/desorption-, oxidation- and reduction-charge evaluation 

One of these processes was Cu underpotential deposition (Cu upd), which was used to 

determine the Au surface area of several samples. The expression underpotential 

deposition is chosen for a deposition that starts at a potential positive of the corresponding 

equilibrium potential Ueq, where normally dissolution of the component would take place 
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(compare with section 2.2.3, p. 26). The standard potential in this case is 0.35V vs. SHE 

[129]. However, deposition already starts at 0.66V vs. SHE, since Cu atoms are more 

strongly bound to Au than to Cu itself [141] (and references therein). Via CV in 10mM 

CuSO4+1M H2SO4 between 0.30V and 0.96V vs. SHE (scan rate 0.02V/s) Cu was 

deposited and subsequently dissolved. From the shape of the CV the potential at which 

one monolayer of Cu is present on the Au surface can be clearly determined [142, 143]. 

At that potential the scan direction was reversed and the monolayer was dissolved again. 

The corresponding charge was evaluated and related to a charge density q=440μC/cm
2
 

per monolayer Cu. 

Another means to determine Au surface area is Au oxidation. Au oxidation starts at 

about 1.2V vs. SHE, when scanning in positive direction. The oxidation regime exhibits 

one or more peaks, depending on the properties of the Au surface (crystal orientation, 

defect density) [15]. Then, current decreases to a minimal value at Umin≈1.7V vs. RHE 

until Au oxidation continues and oxygen evolution starts, which is reflected in a steeply 

increasing current. The charge in the first oxidation regime (double-layer corrected) can 

be related to q=400μC/cm
2
, when integrating from the beginning of Au oxidation to Umin 

[144]. This relation was found by Burshtein and coworkers by varying electrode size, 

electrolyte temperature and sweep rate. They stated that in the corresponding potential 

range chemisorption of one oxygen atom per Au atom takes place. 

AuyOz reduction can also serve as a (qualitative) measure for Au surface area, which was 

analyzed by comparing the charges of Au oxidation and reduction regimes of several Au 

electrodes with different geometrical surface area. Au oxidation occurs between 1.24V vs. 

SHE and Umin (~1.7V vs. SHE), the potential of the local minimum after the first 

oxidation peak(s). AuyOz reduction occurs between 1.36V and 0.91V vs. SHE. The 

variation in Au-reduction charge was in line with the variation in geometrical surface area 

(q≈400μC/cm
2
). However, when the polarization potential is increased into the regime of 

further Au oxidation and oxygen evolution reaction (OER), Au-reduction charge also 

increases, whereas Au-oxidation charge in the first oxidation regime stays constant. 

Therefore, Au-oxidation charge is more accurate and reliable for the determination of Au 

surface area. 

Additionally to the evaluation of the Pt coverage by the deposition current, the Pt 

coverage on the different Au surfaces was determined via evaluation of the charge flow 

during hydrogen ad- and desorption, CO-adlayer oxidation and PtOx reduction. These 

methods are very well suited for the determination of the Pt surface area, since CO and 
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hydrogen only adsorb on Pt, not on Au, and PtOx reduction is clearly separated in terms 

of potential range from AuyOz reduction. 

For CO-adlayer oxidation, CO was adsorbed on Pt at U=0.16V vs. SHE by purging the 

electrolyte with CO for 10min. Afterwards, the electrolyte was purged with Ar for 40min 

to remove CO. Starting from 0.16V the potential was then cycled in the negative direction 

from 0.16V to 0.04V and in positive direction from 0.04V to 1.56V vs. SHE (scan rate 

0.1V/s). Initially, the whole Pt surface was covered by CO, which can be inferred from 

the complete suppression of hydrogen adsorption in the first scan. The adsorbed CO was 

oxidized between 0.7V and 1.4V vs. SHE. In the second cycle, hydrogen adsorption and 

desorption could be observed again and did not change during three additional CVs, 

which proves that any adsorbed CO was completely oxidized in the first scan. Pt coverage 

was evaluated by subtracting the current in the second scan from the current in the first 

scan for same potentials and integrating the resulting current. The calculated charge was 

related to surface coverage due to values established by Friedrich et al., who found an 

increasing CO coverage per unit area with decreasing Pt-particle size [145]. 

To determine the charge flow during hydrogen ad-/desorption, the current in the 

potential range from 0.1V to 0.36V vs. SHE was integrated after subtraction of double-

layer current. This charge was related to q=205μC/cm
2
 per Pt monolayer, which was 

measured for a bulk Pt(111) crystal. 

When cycling Pt/Au-electrodes in a potential range from 0.05V to 1.55V vs. SHE, PtOx 

reduction occurs in a potential range from 0.91V to 0.41V vs. SHE, which is well 

separated from AuyOz reduction, occurring in a potential range from 1.36V to 0.91V vs. 

SHE. The charge under the PtOx-reduction peak (double-layer corrected) was related to 

q=440μC/cm
2
 per Pt monolayer for a maximum polarization potential of 1.55V vs. SHE 

[146]. 

3.4.5 Potentiostatic single pulse technique 

The potentiostatic single pulse technique was already theoretically discussed in section 

2.1.3 (p. 18ff.). It is a very useful technique for the investigation of electron transfer 

reactions that are hampered by diffusion limitation, such as the HOR. By application of 

potentiostatic single pulses, it is possible to evaluate the kinetic current for the HOR. 

Another advantage of this technique is that high overpotentials can be applied without 

destroying the electrode because of the short pulse times, which are typically in the range 
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of milliseconds. Thus, such measurements are also suited for HER investigations. There 

is, however, also a difficulty: When applying a potentiostatic pulse the first response of an 

electrochemical system is the double layer charging current. Therefore, it is necessary to 

evaluate involved time constants carefully: The current response of an electrochemical 

system, which is due to double layer charging, can be modeled by a resistor, which 

represents the electrolyte, in series with a capacitor, which represents the electrochemical 

double layer (compare with section 3.4.3, p. 49ff.). The time-dependent current of such an 

RC-circuit caused by a voltage pulse U0a is 𝐼(𝑡) = 𝐼0𝑎𝑒−𝑡/𝜏, where I0a=U0a/R and =RC. 

The time t when I(t) is negligibly small, i.e. when the capacitor/the electrochemical 

double layer is nearly completely charged, has to be considered. For example if t=6, 10 

or 20, the current has decayed to I(t)=0.0025I0a, 4.5x10
-5

I0a or 2.1x10
-9

I0a, respectively. 

Therefore current transients were only analyzed in the time regime after t=6 for the 

studies presented in section 4.1(p. 57ff.) and after t>10 in section 4.2 (p. 67ff.); these 

values depended on system parameters such as working electrode size. 

Furthermore, HOR- and HER-current transients for corresponding overpotentials || were 

compared. The HER is hardly affected by diffusion limitation, because of the high 

amount of protons in the electrolyte used for such measurements and the rather high 

mobility of protons (𝜇 = 3.6 ⋅ 10−3 𝑐𝑚2

𝑉𝑠
 in water [147]). Thus, the HOR and HER curves 

are very similar in the double-layer regime, but differ from a certain time tkd, when in the 

case of HOR pronounced diffusion limitation sets in (diffusion coefficient of H2 in 

H2SO4: 𝐷 = 3.7 ⋅ 10−5 𝑐𝑚2

𝑠
 [148]). Then, the HOR current is kinetically and diffusion 

controlled, whereas the HER current is approximately constant and predominantly 

controlled by kinetics. The HOR current keeps on decaying until the concentration of H2 

at the electrode surface is zero, at which the current is exclusively diffusion controlled. 

Evaluation of the HOR-current transients was therefore done after time tkd. 

Both methods, i.e. consideration of the double-layer charging behavior and comparison of 

HER- and HOR-current transients, were applied to find an appropriate time regime for the 

derivation of kinetic currents. By these means an evaluation of the double-layer charging 

current instead of the kinetic current could be prevented. 

HOR/HER-activity measurements were performed via potentiostatic single pulses with 

positive and negative overpotentials, respectively, in 1M HClO4, which was purged with 
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H2 for at least 10min (compare with [133]). In the case of HOR the pulse duration was 

2ms, for HER it was either 5 or 50ms. 

HOR/HER-current transients were analyzed and the kinetic current was evaluated with 

the method discussed in section 2.1.3 (p. 18ff.). The current was plotted versus the square 

root of time and fitted in its linear region to yield the kinetic current from the intercept of 

the fit, with t=0 at the current-maximum I0a (compare with Figure 3.4-2), i.e. the signal-

rise time was not included in the evaluation. The linear fit was performed in a time slot 

Δt≈50μs after the double-layer charging current had decayed to a negligible value and 

before diffusion limitation completely controlled the current response. 

 

Figure 3.4-2 t
0.5

-current graph for the HOR corresponding to a potentiostatic single pulse 

at an overpotential η=0.2V (without iR-correction) at different electrodes consisting of Pt 

nanoislands on Au(111) in 1M HClO4 for different time constants : a<b. Kinetic 

current was evaluated from this plot through a linear fit between t1>10a,b and t2. The 

regime is indicated by two arrows per curve and the linear fit as a dashed line.  

Double-layer charging behavior was determined with EIS (see section 3.4.3, p. 49ff.): via 

Ohmic resistance R and double layer capacity CDL assuming an equivalent circuit 

consisting of R and CDL in series, the RC-time constant =RCDL was calculated. 

However, EIS data was not always absolutely reliable concerning R, because of some 

scatter in the high-frequency regime, which is dominated by the Ohmic drop in the 

electrolyte. Therefore, these data were double-checked by evaluation and comparison of 

the peak currents I0a=U0a/R for selected potentiostatic pulses and corresponding 

potentials U0a. In some cases the Ohmic drop evaluated by EIS had to be replaced by the 

value calculated by comparison of peak currents I0a. The corresponding error was then set 
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as the discrepancy between EIS and pulse data. To make sure that double-layer charging 

current IDL was negligibly small the linear fit was started at t1≈6 or 10. 

The HER-current transients evaluated for Tafel plots shown in section 4.2.3 (p. 76ff.) 

were analyzed via averaging the measured current in a time regime from 2ms to 3ms after 

starting the potentiostatic pulse, where it was nearly constant. 

The HOR- and HER-current densities evaluated by these two different methods differ in 

most of the cases: HER-current densities are normally smaller than HOR-current 

densities, which can be due to a higher activity of Pt for the HOR. A comparison of 

current densities found in the presented studies with literature data also shows, that 

absolute current densities differ. However, absolute current densities are influenced by 

many factors, such as e.g. the quality of the single-crystalline surface, the measurement 

routine or the applied potential range. Apart from potentiostatic pulses, measurement 

routines like slow CV in a very small overpotential regime (often referred to as 

“micropolarization”) or rotating ring disc measurements (for details see e.g. [149]) are 

also frequently used in electrocatalysis [19]. 
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4 Results 

As already pointed out in chapter 1, there have been many studies on the hydrogen reactions 

for Pt nanostructures on Au. However, the question of the true reaction mechanism and of the 

origin of an enhancement of Pt activity is still not fully answered. The latter is addressed in 

this thesis: the influence of spillover, strain and defect-density effect on the HOR and the 

HER at Pt on Au is investigated, with the aim to separate spillover effect and verify its 

theoretically predicted and experimentally assumed existence. 

4.1 Platinum nanoislands on Au(111) – Variation of 

deposition sites and coverage 

In the following, investigations of the electrocatalytic activity of Pt nanoislands, which were 

electrochemically deposited on Au(111) by various deposition routines, are presented. This 

study was carried out in order to analyze the dependence of the electrocatalytic activity of Pt 

on deposition sites and on Pt-nanoisland number and geometry. Since for low deposition 

overpotentials Pt preferentially deposits on step and defect sites of the Au(111) surface 

(compare with section 2.2.3, p. 26ff.), the primary objective was the demonstration of the 

applicability of double pulse deposition for the Pt/Au(111) system: A deposition of Pt 

nanoislands on terrace sites and a systematic variation of number and size of Pt nanoislands 

depending on deposition parameters was aimed at. Increasing nucleation overpotential 𝜂𝑛𝑢𝑐 

was expected to yield an increasing number of Pt nanoislands and increasing growth time 𝑡𝑔𝑟𝑜 

was expected to yield an increasing size of Pt nanoislands (compare with section 3.3.1, p. 

43ff.). For comparison, potentiostatic single pulses, dip coating and CV were used for 

deposition. In all cases the Pt deposit was analyzed and the electrocatalytic activity was 

measured. Furthermore, the activity of a Pt(111) single crystal was determined. 

4.1.1 Characterization of platinum deposit 

Pt was deposited on Au(111) by the four deposition routines, dipping (D), CV, single and 

double pulse technique (SP and DP), described in section 3.3.1 (p. 43ff.). Pt coverage was 

determined by evaluation of deposition, hydrogen-ad/desorption, CO-adlayer oxidation and 

PtOx-reduction charges. The samples were additionally characterized by EC STM. 
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Characterization by CV 

A mean coverage was calculated from hydrogen-ad/desorption, CO-adlayer oxidation and 

PtOx-reduction charges for each sample. Deposition charge was not included in the 

calculation of the mean coverage, since the error was either rather large or the nanoislands 

were more than one atomic layer in height. In that case deposition charge does not result in a 

correct estimation of Pt surface area. 

CVs showing the hydrogen ad/desorption and Pt/Au oxidation and reduction are depicted in 

Figure 4.1-1 for selected samples. Hydrogen is adsorbed between 0.36V and 0.1V vs. SHE in 

the cathodic scan and desorbed between 0.1V and 0.36V vs. SHE in the anodic scan (see 

dashed region in the inset in Figure 4.1-1, left). Current densities in these regimes were 

integrated and related to Pt coverage for each sample. Similarly, the PtOx-reduction charge 

was computed from the current flow between 0.91V and 0.41V vs. SHE in the cathodic scan 

(compare with inset, dashed shaded region). This is possible, because PtOx and AuyOz 

reduction occur in separate potential-regimes, unlike Pt and Au oxidation, which overlap. A 

closer look at the evaluated curves reveals that for increasing Pt coverage the PtOx-reduction 

peak increases, whereas the AuyOz-reduction peak decreases. Thus, the Pt nanoislands grow 

mostly two-dimensional, otherwise the AuyOz reduction peak would stay the same and only 

the PtOx-reduction peak would increase. 

 

Figure 4.1-1 Hydrogen ad/desorption and Pt oxidation and reduction as measured via CV. 

Curves are shown for selected samples with different Pt coverage. Hydrogen 

adsorption/desorption occurs between 0.36V and 0.1V vs. SHE in the negative/positive scan 

(see inset). Pt and Au are oxidized between 0.76V and 1.55V vs. SHE in the positive scan. 

Oxide reduction is well separated for Au and Pt: AuyOz is reduced between 1.36V and 0.91V 

vs. SHE and PtOx is reduced between 0.91V and 0.41V vs. SHE in the cathodic scan (see 

inset). 
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In Figure 4.1-2 CO-adlayer oxidation CVs are shown for selected samples. The number of 

peaks, their height and intensity vary non-linearly with Pt coverage: A rather high CO-

oxidation charge density at very small Pt coverage is for example in contrast to a comparably 

small CO-oxidation charge density at high Pt coverage. A similar observation was already 

documented by Friedrich et al. [145], who investigated the CO adlayer oxidation for spherical 

Pt nanoparticles on polycrystalline Au. In Figure 4 of the mentioned publication by Friedrich 

et al., CO-adlayer oxidation CVs are shown for 3nm-sized Pt nanoparticles on Au. Three 

peaks, with maximum peak height at 0.87V, 1.0V and 1.2V vs. RHE, were observed. The 

latter two occurred for small coverages up to 0.24 ML, an additional third one at 0.87V 

occurred for a coverage of 0.38 ML. The investigations for this thesis show features, which 

are similar to Friedrich’s data: The peak positions at 0.86V and 1.08V vs. SHE in the CVs 

shown in Figure 4.1-2 (left) match well with the ones of the mentioned publication, although a 

prominent peak at 1.2V vs. SHE could not be observed in this study. (Note that the SHE-scale 

is approximately equal to the RHE-scale of Friedrich’s study, since 1M HClO4 with an 

activity close to one was used as electrolyte.)  

 

Figure 4.1-2 First and second cycles of the CO-adlayer oxidation on Pt nanoislands on 

Au(111) in 1M HClO4. CVs are shown for different Pt coverages. The peak positions and 

intensities vary with coverage. A general trend for decreasing oxidation potential with 

increasing coverage can be observed. 

Due to the good agreement of Friedrich’s and these measurements, Pt coverages were 

determined with respect to the charge-coverage relations found by Friedrich et al., via 

comparison of the CVs. These relations are summarized in Table 1. However, the shape of the 

CO-adlayer oxidation peak of the sample with the highest coverage was very similar to the 

one of a Pt(111) single crystal, although slightly positive, and was thus related to the bulk 
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value of qco=320C/cm
2
 (compare with [117, 150]). A comparison of the coverages 

determined by this method with the coverages determined by hydrogen ad/desorption and 

PtOx reduction showed good agreement (see Table 8 of the Appendix, p. 123). Therefore, the 

qco values can also be used for Pt nanoislands on Au(111). 

Table 1 Charge-coverage relations qco for spherical, 3nm-sized Pt nanoparticles on 

polycrystalline Au, as found by Friedrich et al. [145] for CO-adlayer oxidation. (The values 

were given as charges for the corresponding coverage in the publication and were calculated 

for one ML of Pt in the table for better comparability.) 

Coverage/ML Peak position(s)/V 

vs. RHE 

Dominant peak/V 

vs. RHE 
qco/C cm

-2
 per ML 

Pt 

0.05 1.0 and 1.2 no dominant peak 1200 

0.24 1.0 and 1.2 1.0 600 

0.38 0.87, 1.0 and 1.2 0.87 418 

 

The different deposition techniques and times, as well as the mean Pt coverage are 

summarized in Table 2. Sample 2 was dipped into the deposition solution at a potential of 

1.12V vs. SHE, which is actually positive of the deposition potential. A coverage of 5% of a 

monolayer Pt was determined by electrochemical characterization methods on this sample. 

This is most probably due to adsorption of the [PtCl6]
2-

 complex on the Au surface at the 

immersion potential [71]. For a hydrogen adsorption measurement after deposition, the 

potential is decreased. Then, the complex is first reduced to [PtCl4]
2-

 and finally to metallic Pt. 

This can be the reason for the first scan of the hydrogen adsorption cyclic voltammograms 

yielding a higher cathodic current, than the following ones (see Appendix, p. 128). 

Experiments to desorb the complex in order to get a smaller Pt coverage were not successful: 

Rinsing the sample extensively with water was not a suitable method to get rid of the 

adsorbed Pt complex. Desorption of a small fraction of the adsorbed Pt complex was achieved 

by oxidation of the sample, but yielded just an insignificantly reduced Pt coverage. Since this 

procedure influences the surface structure of the whole sample it was not used in these 

investigations.  

Firstly, this means that a smaller coverage than about 5% of a ML cannot be reached with the 

used electrolyte unless Pt is dissolved after deposition. Secondly, for any deposition method 

used here the adsorption of the [PtCl6]
2-

 complex has to be considered, since each sample is 

immersed into the electrolyte at 1.12V vs. SHE. It is very probable that these 5% of a ML Pt 

are situated at the lower terrace of Au steps/defects (compare with Figure 4.1-3), since this is 

the preferred deposition site for Pt on Au (compare with section 4.2, p. 67ff.). 
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Figure 4.1-3 Sketch of Pt atoms (gray circles) deposited on the lower terrace of a step/defect 

site (orange circle) on an Au(111) surface. (Au atoms: yellow and orange circles) 

Table 2 Deposition routines and corresponding parameters used for studying the dependence 

of electrocatalytic activity on Pt coverage. D: dipping, DP: double pulse deposition, SP: 

single pulse deposition, CV: cyclic voltammetry, ML: monolayer. 

Sample # Deposition 

method 

Deposition properties Mean Pt coverage/ 

ML 

2 D Dipping by hand, dipping time ~ 1s 0.05±0.01 

Double pulse nuc/V tnuc/s gro/V tgro/s  

4 DP1 -0.21 30 -0.01 500 0.16±0.05 

5 DP1 -0.21 30 -0.01 200 0.12±0.04 

6 DP2 -0.31 30 -0.11 50 0.30±0.04 

7 DP2 -0.31 30 -0.11 5 0.15±0.03 

8 DP2 -0.31 30 -0.11 1 0.13±0.03 

Single pulse dep/V tdep/s  

10 SP -0.26 1 0.32±0.07 

11 SP -0.26 0.01 0.05±0.01 

12 SP -0.26 0.00001 0.06±0.02 

CV scan rate/V s
-1

 number of cycles  

1 CV 0.05 2 0.34±0.06 

13 CV 0.05 5 0.61±0.05 

15 CV 0.05 5 1.00±0.22 

 

Characterization by EC STM 

The characterization of several samples by EC STM is discussed in the following part. These 

samples were fabricated like described, however, their electrocatalytic activity was not 

determined. Also, CO-adlayer oxidation and PtOx-reduction measurements were skipped, 

since the reactions would have been accompanied by surface oxidation and resulted in a 

changed surface structure. If a surface coverage was calculated from the EC STM images, 2% 

coverage was subtracted, since the unreconstructed Au(111)-surface reveals about 2-3% of a 

monolayer of Au islands with a size comparable to that of the Pt islands. 

An exception to that represents the first sample (see Figure 4.1-4, sample #1, deposition via 

CV), which was imaged via EC STM subsequently after activity and characterization 

measurements. Pt nanoislands were 2-3 atomic layers high and had a diameter of about 2-

4nm. They deposited preferably in the vicinity of step sites. By assuming a cylindrical shape 

of the islands with a mean diameter of 3nm and a mean height of 0.6nm, a Pt coverage of 

(32±5)% of a ML was calculated after counting the Pt islands (550 islands) of two 100nm x 
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100nm sized parts of the image shown below. This value is very close to the one determined 

by adsorption and reduction measurements (compare with Table 2). 

The images shown in Figure 4.1-5 were taken of a surface that resembled the one of sample 

#5 (double pulse deposition DP1, parameters see Table 2). Yet, the growth time tgro was only 

150s. The bigger Pt nanoislands were 1-2 atomic layers high and had a diameter of 4-7nm, 

however, there was also a considerable number of very small islands with a diameter of 1-

2nm. The big islands formed exclusively on terrace sites, whereas the small ones were only 

found in the vicinity of step sites. It is very probable that the bigger islands were formed due 

to the double pulse deposition, for which nuclei should have formed on the terraces due to the 

high overpotential. By assuming a cylindrical shape of the islands, a Pt coverage of (12±8)% 

of a ML was calculated after counting the Pt islands (171 islands) of the two images shown 

below. This coverage is very similar to the one determined in electrochemical adsorption and 

reduction measurements. Furthermore, the steps on the Au surface seem very rough, which 

leads to the conclusion that Pt deposited also on these sites. 

In Figure 4.1-6 images of a surface that was fabricated like sample #7 (double pulse 

deposition DP2, parameters see Table 2) are shown. The Pt nanoislands were one but mostly 

two atomic layers high and had a diameter of 3-4nm. The islands deposited mostly on terrace 

sites, some of them in the vicinity of step sites. By assuming a cylindrical shape of the islands, 

a Pt coverage of (14±3)% of a ML was calculated after counting the Pt islands (229 islands) 

of the two images shown below. This coverage is comparable to the one determined by 

ad/desorption and reduction measurements. It seems that Pt also deposited on step sites, 

however the steps on the Au surface are not as rough as observed for the previous sample. 

Comparing Figure 4.1-5 and Figure 4.1-6, the theoretical relation of island number and size to 

nucleation overpotential and growth time was confirmed (compare with section 2.2.3, p. 

26ff.): Island diameter decreases with decreasing growth pulse time tgro. Furthermore, the 

number of islands increases with increasing nucleation overpotential. The island height 

doesn’t increase, so islands grow in horizontal but not in vertical direction. Hence, a 

preferential growth of Pt on combined Pt/Au sites can be concluded. These results are 

contrary to double pulse deposition of Pt on HOPG and diamond [30, 31]. On these substrates 

Pt grows hemispherical, since the interaction of Pt with HOPG and diamond is smaller than 

with Au. 
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Figure 4.1-4 EC STM image of Pt on Au(111), sample #1, in 0.1M HClO4. Pt was deposited 

via CV, in two cycles with a scan rate of 0.05V/s. The Pt coverage determined by 

electrochemical measurements is 34% of a ML. Pt nanoislands are 2-3 atomic layers high 

and have a diameter of about 2-4nm. 

 

Figure 4.1-5 EC STM image of Pt on Au(111), a sample similar to #5, in 0.1M HClO4. Pt was 

deposited via double pulse deposition, with a nucleation overpotential and time of nuc=-

0.21V and tnuc=30s and a growth overpotential and time of gro=-0.01V and tgro=150s. Pt 

coverage, as determined by electrochemical measurements is 12% of a ML, equal to the one 

determined by EC STM images. The bigger Pt nanoislands are 1-2 atomic layers high and 

have a diameter of 4-7nm. The smaller islands have a diameter of 1-2nm. 
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Figure 4.1-6 EC STM image of Pt on Au(111), a sample similar to #7, in 0.1M HClO4. Pt was 

deposited via double pulse deposition, with a nucleation overpotential and time of nuc=-

0.31V and tnuc=30s and a growth overpotential and time of gro=-0.11V and tgro=5s. Pt 

coverage determined by electrochemical measurements is 16% of a ML, which is very similar 

to the one determined by EC STM images of 14% of a ML. The Pt nanoislands are one but 

mostly two atomic layers high and have a diameter of 3-4nm. 

4.1.2 Dependence of electrocatalytic activity on coverage 

In Figure 4.1-7 Tafel plots of the kinetic and Pt-specific HER- and HOR-current densities are 

shown for selected samples with different Pt coverage and a Pt(111) single crystal. Pt-specific 

current density jPt was calculated as ratio of kinetic current density and mean Pt coverage 

(compare with Table 2) for each sample. The kinetic current density was evaluated as 

described in section 3.4.5 (p. 53ff.). Therefore, the RC-time constant =RCDL was 

calculated, which was about 5μs for all samples and the linear fit was performed in a time 

range of 30s to 100s. The influence of the double-layer charging current in this time range 

of about 0.0025I0a (compare with section 3.4.5) is very small. Thus, the error due to double-

layer charging is quite small. 
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Figure 4.1-7 Tafel plots of the kinetic current density 𝑗 (upper part) and the Pt-specific 

current density jPt (lower part) for the HER (left) and the HOR (right) conducted at Pt 

nanoislands on Au(111) and at Pt(111) in 1M HClO4. The electrolyte was saturated with H2. 

The Tafel plots of the kinetic current density for HER and HOR show an increasing current 

density for increasing Pt coverage, except for the samples with coverages of 0.61 and 1.00. 

The current density for a Pt coverage of 0.61 is very similar to the one for Pt(111). The 

current density for a Pt coverage of 1.00 (Θ=APt/AAu=1.00) is higher. The Tafel plot of the 

Pt-specific current density jPt for the HER shows an increasing current density for decreasing 

Pt coverage. For HOR, an increase from bulk Pt(111) to Pt nanoislands on Au(111) can be 

recognized. However, in this case the differences in current densities for various coverages of 

Pt on Au(111) are small on the logarithmic scale. These data are better represented by a plot 

of the Pt-specific current density at a specified overvoltage versus the Pt coverage (see Figure 

4.1-8). The Pt-specific current densities at specified overvoltages jPt,η were derived by linear 
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interpolation/extrapolation of the 𝜂 − 𝑗𝑃𝑡 curves of Figure 4.1-7. An enhancement for 

decreasing coverage can also be deduced from these curves. In the case of the HER, the 

activity is enhanced by more than a factor of three and the trend of increasing current density 

with decreasing coverage is obvious. Moreover, this trend is the same for all three 

overpotentials 𝜂, for which the Pt-specific current density was determined. However, in the 

case of HOR an increasing current density is only clear for the transition from bulk Pt(111) to 

monolayer and submonolayer coverages of Pt on Au(111). Current densities for decreasing Pt 

coverage vary to some extent, but lack a clear trend. Again, the different overpotentials have 

no influence on this behavior. 

 

Figure 4.1-8 Pt-specific current density 𝑗𝑃𝑡,𝜂 evaluated from HER- (left) and HOR-Tafel plots 

(right) at overpotentials 𝜂=+/-0.02V, +/-0.04 and +/-0.06V, plotted versus coverage for 

different deposition methods. A general trend of increasing current density 𝑗𝑃𝑡,𝜂 with 

decreasing Pt coverage can be seen. 

 

The influence of the deposition procedure on catalytic activity cannot easily be determined. In 

the case of HER, the highest activity is found for a sample which was dip-coated and for 

which Pt nanoislands deposited preferably on the lower terrace of the rim sites of 

steps/defects. For both reactions, an enhancement is also seen, when comparing Pt(111) with 

an Au(111) surface that is almost completely covered by Pt (coverage ~ 1). As already 

discussed in the previous section, the Pt islands/layers are about 2-3 atomic layers high, which 
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means that strain is still present in the topmost Pt layer [43]. Moreover, the islands are 

preferentially situated at step/defect sites of the Au(111) surface, which can be a reason for 

the higher activity. As to the Pt deposited via double pulse deposition, current densities are 

very close to each other, such that no statement about the influence of size and/or number of 

Pt nanoislands can be made. 

 

4.2 Platinum nanoislands on Au(111) – Variation of defect 

density on the Au(111) surface 

The importance of defects on the Au(111) surface and their influence on Pt deposition and Pt 

activity was already discussed in the previous section. Another particular effect, which is 

ascribed to specific defect sites on an Au surface, is spillover for the HOR (compare with 

section 2.3.3, p. 35ff.). Therefore, the influence of defect density on an Au(111) surface on 

electrocatalytic properties of deposited Pt nanoislands was evaluated [133]. The goal of these 

measurements was to demonstrate that spillover takes place during the HOR at Pt nanoislands 

on Au. This aspect was assumed to lead to an activity enhancement for the HOR at Pt 

nanoislands on defect-rich Au(111) when compared with Pt nanoislands on defect-poor 

Au(111). Such a behavior was expected to result from H2 dissociation at specific defect sites 

of the Au(111) surface (Tafel or Heyrovský reaction), spillover of the thus-generated 

adsorbed hydrogen atoms from the Au to the Pt surface and its oxidation to a proton via the 

Volmer reaction. Since for HER, the spillover effect should depend much less on defect sites 

on the Au surface, Pt activity was thought to be the same for Pt nanoislands on defect-rich and 

on defect-poor Au surfaces. 

In order to generate a high defect density on the Au(111) surface it was oxidized and 

subsequently reduced in 1M HClO4. Au surface area was determined by Cu upd. Pt 

nanoislands were electrochemically deposited from 0.5mM K2PtCl6 + 1M HClO4 solution via 

the potentiostatic single pulse method. A low overpotential was applied for deposition, so 

nanoislands grew mostly at step and defect sites of the Au(111) surface. HOR and HER 

currents at these samples were subsequently recorded in H2-purged 1M HClO4 after 

application of potentiostatic pulses. The Pt surface area was determined by hydrogen 

adsorption, CO-adlayer oxidation and PtOx reduction. Additionally, EC STM images were 

recorded. 
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4.2.1 Defect-poor and defect-rich Au(111) 

Defect-poor and defect-rich Au(111) surfaces were fabricated following the procedure 

discussed in section 3.2.1 (p. 40ff.). Since in this context the Au(111) surface structure is of 

fundamental importance, it will be discussed in more detail than in the previous section. In 

Figure 4.2-1 EC STM images of the annealed Au(111) surface, which was immersed in 0.1M 

HClO4 at a potential of 0V vs. SHE, are shown [151]. At 0V vs. SHE the Au surface is in the 

reconstructed state (compare with section 2.2.2, p. 23ff.). Therefore, the dislocation lines can 

be seen (compare with Figure 2.2-3, p. 25). Neighboring pairs of lines have a distance of 

(6.0±0.5)nm and the distance between the lines of one pair is (4.0±0.5)nm. Within accuracy 

these values are in line with the ones measured in UHV. The dislocation lines are mostly 

perpendicular to the step edges on the lower as well as on the upper terrace, except for two Y-

shapes on the lower right part of the step. Thus, the step has a preferential (111) orientation 

[63], which is not surprising, because this is the more stable configuration [59] (compare with 

section 2.2.2, p. 23ff.). Therefore, it is suggested that in general steps on the used Au(111) 

surfaces preferably arrange such that (111) microfacets are formed. 

In the upper right corner of the image on the right hand side of Figure 4.2-2 the Au(111) 

surface is shown after CV to a maximum potential of 1.4V vs. SHE. The reconstruction was 

lifted during this procedure and the excess of Au atoms of the upper, formerly reconstructed 

layer agglomerated to Au islands. 

   

Figure 4.2-1 EC STM image of Au(111) in 0.1M HClO4. The sample was immersed in the 

electrolyte after the annealing procedure, at a potential of UWE=0V vs. SHE (Utip=0.01V vs. 

SHE, ΔU=0.01V, tunneling current It=1nA). Thus, the surface is in the reconstructed state 

and the dislocation lines, which are indicated by black lines in the right image, can be 

observed. This image also shows the surface after lifting of the reconstruction by CV in the 

upper right corner at a potential of UWE=0V vs. SHE (Utip=-0.05V vs. SHE, ΔU=0.05V, 

It=1nA). 

 2.82 Å

 0.00 Å
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Returning to the Au(111) surfaces used and investigated in this study, the left image of Figure 

4.2-2 shows a defect-poor Au(111) surface. The Au islands have a width of (2.6±0.3)nm and a 

height of one atomic layer. The islands cover (3±1)% of the surface. On the right side of 

Figure 4.2-2 a defect-rich Au(111) surface is depicted: After galvanostatic oxidation and 

reduction via CV, additional step sites, holes and Au clusters can be found on the surface. The 

holes/clusters are two to four monolayers deep/high and 10-20nm in diameter. Smaller, 3nm-

wide Au islands as observed after lifting of the reconstruction or on the defect-poor Au(111) 

surface have disappeared. This can for example be due to dissolution of such islands or to 

their coalescence with steps. The holes and clusters, apart from (111)-step sites, have to form 

(100)-steps sites on the Au(111) surface as well, such that the number of (100)-step sites is 

higher on the defect-rich than on the defect-poor surface. 

    

Figure 4.2-2 EC STM image of a defect-poor (left) and a defect-rich (right) Au(111) surface 

in 0.1M HClO4. Both images were recorded at a potential at which the surfaces were in a 

reduced state. (UWE=0.05V vs. SHE, Utip=0.35V vs. SHE, ΔU=-0.3V, It=1nA.) 

EC STM measurements were complemented by XPS, which was performed to investigate the 

chemical composition of the differently pretreated surfaces. A comparison of the XPS graphs 

(see Figure 4.2-3) of a defect-poor, a defect-rich and a galvanostatically oxidized Au(111) 

surface, shows that no oxide is left on the surface after reduction of the galvanostatically 

oxidized (defect-rich) sample. Curves for non-oxidized, i.e. defect-poor, and oxidized and 

reduced, i.e. defect-rich, Au surface are identical. The peaks at binding energies of 84.1eV 

and 87.8eV are characteristic for Au 4f7/2 and 4f5/2 electrons. Only the XPS-graph of the 

galvanostatically oxidized Au surface that was not reduced afterwards clearly reveals a peak 

for the Au
3+

 state (e.g. from Au2O3) at a binding energy of 86eV (compare with [122] and 

references therein). 

 9.30 Å

 0.00 Å

 1.60 nm

 0.00 nm
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Figure 4.2-3 XPS Au 4f spectra of differently pretreated Au(111) surfaces: (i) Defect-poor 

Au(111): The surface was not oxidized (black squares; barely seen because of overlap with 

dark gray circles). (ii) Defect-rich Au(111): The surface was galvanostatically oxidized and 

reduced via CV (dark gray circles). (iii) Galvanostatically oxidized Au surface, which was not 

reduced (light gray triangles). 

Figure 4.2-4 shows the comparison of Cu upd on defect-poor and defect-rich Au(111): The 

Au surface area, determined via evaluation of Cu deposition and Cu dissolution charge for 

three samples of each configuration, is constant within accuracy (see Table 3). Thus, the 

oxidation and reduction routine used for the fabrication of defect-rich Au(111) surfaces does 

not lead to an increased Au surface area. 

 

Figure 4.2-4 Cu upd from 10mM CuSO4+1M H2SO4 on defect-poor and defect-rich Au(111): 

Au surface area, determined via evaluation of deposition and dissolution charge, of the 

differently pretreated samples is identical. 
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Table 3 Au surface area calculated from Cu upd charge for defect-poor (Ip=0) and defect-rich 

(Ip=0.15A) Au(111). 

Au surface treatment 

prior to Cu upd 

Ip/A Au surface area/cm
2
 

 

No 

oxidation/reduction 

 

0 

0.40±0.01 

0.40±0.01 

0.40±0.01 

Galvanostatic 

oxidation, reduction 

via CV 

 

0.15 

0.40±0.01 

0.40±0.01 

0.40±0.01 

 

Cu upd starts at approximately 0.66V vs. SHE, which can be seen from the negative current in 

the cathodic scan (see Figure 4.2-4). The negative peak at a potential of about 0.57V vs. SHE, 

which is due a phase transition of randomly deposited Cu on terraces to a (√3x√3)R30°-

structure at a coverage of Cu=2/3 [143], is located at the same potential for defect-poor and 

defect-rich Au surface. However, the peak heights are different. The phase-transition of 

deposited Cu atoms (cathodic scan) from (√3x√3)R30° to (1x1), which occurs at a potential 

of 0.33V and 0.34V vs. SHE on defect-poor and defect-rich Au(111), respectively, illustrates 

that defect density is higher on the defect-rich Au surface: The shift to more positive 

potentials indicates that the phase transition is facilitated at step/defect sites [143, 152]. In 

both cases there is no sharp phase-transition peak because of varying terrace widths, which 

causes a broadening of the peak. The mean Au surface area was calculated to be 

(0.40±0.01)cm
2
. These samples were not used for HOR/HER activity measurements, because 

a Cu contamination could not be excluded. 

4.2.2 Characterization of platinum deposit 

Pt was electrochemically deposited on Au(111) using potentiostatic single pulses with a rather 

low overpotential of dep=-0.06V for 0.5s. Pt coverage was determined via evaluation of 

deposition, hydrogen ad- and desorption, CO-adlayer oxidation and PtOx reduction charge. 

However, the evaluation of the Pt deposition charge is not very reliable due to the large error 

caused by a rather high current range needed for double-layer charging during deposition 

(compare with Table 4). Therefore, the value was not used to calculate a mean coverage.  

In Figure 4.2-5 hydrogen ad/desorption and oxidation and reduction cycles of the different 

Pt/Au samples are shown. The hydrogen ad/desorption and PtOx reduction charges were 

determined as described in section 3.4.4.1 (p. 51ff.) and section 4.1.1 (p. 57). 
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Figure 4.2-5 Cyclic voltammograms of the hydrogen ad/desorption on and the 

oxidation/reduction of Pt islands on defect-poor and defect-rich Au(111) in 1M HClO4. The 

electrolyte was saturated with Ar. (reprinted, see [153]) 

In Figure 4.2-6 the first and second CVs of CO-adlayer oxidation can be seen for Pt islands on 

a defect-poor and on a defect-rich Au(111) surface. Here, the measured current in the second 

CV was subtracted from the one in the first CV for corresponding electrode potentials. The 

charges under the CO-oxidation peaks were calculated from the resulting potential/time-

dependent current flow and related to q=600μC/cm
2
 per Pt monolayer. This value was 

determined by Friedrich et al., who found out that the value for bulk Pt is not valid for small 

amounts of Pt and small particle sizes on polycrystalline Au [145]. The shape of the CO-

adlayer oxidation CV of our measurements is very similar to the curve shown in Figure 4 of 

the aforementioned publication for similar sized Pt particles with a mean diameter of 3nm and 

a Pt coverage of 0.24 monolayers (circles as symbols). Thus, we related our CO-adlayer 

oxidation charge to the value found in the described paper. For Pt on defect-poor Au(111) we 

found a pronounced first oxidation peak at 1.10V vs. SHE and another smaller one at 1.30V 

vs. SHE. The latter could not be observed for Pt on defect-rich Au(111), whereas the first 

peak, with its maximum at 1.09V vs. SHE, is more pronounced than for the defect-poor 

sample (see inset of Figure 4.2-6). Similar observations were made for CO-adlayer oxidation 

on a Pd monolayer, which was deposited on well-ordered and vicinal Au(111) electrodes 

[154]. Kibler et al. found two peaks, the first one at 0.6V and the second one at 0.8V vs. SCE, 

with changing width and height corresponding to different step densities. The height of the 

peak at 0.6V vs. SCE increased with increasing step density whereas the one at 0.8V vs. SCE 

decreased. Therefore, the peak at 1.10V vs. SHE in our measurements can be due to CO-

adlayer oxidation at Pt islands on defect sites, which is rather broad due to a variety of 



73 

 

different types of defects. The peak at 1.30V vs. SHE could then be ascribed to CO-adlayer 

oxidation at Pt islands on terraces. On defect-rich Au(111) the attraction of defect sites for Pt 

islands is obviously very strong, such that all Pt deposits on the defect sites. 

 

Figure 4.2-6 First and second cycle of the CO-adlayer oxidation on Pt islands on defect-poor 

and defect-rich Au(111) in 1M HClO4. One rather pronounced peak occurs at 1.10V and a 

considerably smaller one at 1.30V vs. SHE for the defect-poor sample. A rather broad peak 

occurs at 1.09V vs. SHE for the defect-rich sample. (reprinted, see [153]) 

In Table 4 Pt coverages are listed for four samples. When comparing the Pt coverage 

determined through Pt deposition, hydrogen ad-/desorption, CO-adlayer oxidation and PtOx 

reduction for each sample, very similar values are found with respect to the corresponding 

errors. Comparison of the mean coverage on all four samples shows that Pt coverage was 

slightly higher on defect-rich Au(111). However, differences are rather small, such that a 

coverage-determined effect on electrocatalytic activity can be excluded, because this effect 

did not show up between coverages from 10-20% of a monolayer of Pt (compare with [28]). 

This was quite an important prerequisite to separate support effect from coverage effect. 

Table 4 Comparison of Pt coverage on the different samples, determined via evaluation of the 

charge recorded during Pt deposition, hydrogen ad-/desorption, CO-adlayer oxidation and 

PtOx reduction. The mean coverage was calculated from all values listed, except Pt 

deposition coverage, which had a very large error. (reprinted, see [153]) 

Sample # Descrip-

tion of 

Au 

surface 

Pt coverage/ML, determined via Mean 

coverage/ML Pt 

deposition 

charge 

Hydrogen 

ad-

/desorp-

tion charge 

CO-

adlayer 

oxidation 

charge 

PtOx 

reduction 

charge 

1 Defect-

poor 

0.11±0.18 0.16±0.04 0.14±0.02 0.14±0.02 0.15±0.02 

2 0.12±0.18 0.14±0.04 0.13±0.02 0.14±0.02 0.14±0.01 

3 Defect-

rich 

0.14±0.18 0.15±0.04 0.16±0.02 0.15±0.02 0.15±0.01 

4 0.14±0.18 0.16±0.04 0.17±0.02 0.16±0.02 0.16±0.01 
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Furthermore, equally pretreated samples were characterized via EC STM: In Figure 4.2-7 and 

Figure 4.2-8 EC STM images of Pt nanoislands on defect-poor and defect-rich Au(111) are 

shown: On each sample monoatomic high steps were found. However, there were 

considerably more steps as well as large Au islands (10-20nm in diameter) and holes on the 

defect-rich Au surface compared to the defect-poor Au surface. Pt islands on defect-poor 

Au(111) deposited in the vicinity of monoatomic high Au steps but also on extended terraces 

(compare with Figure 4.2-7). The islands are mostly monoatomic in height; about 7% of the 

islands are two monolayers high. The diameter of the islands ranges from 1nm to 7nm (see 

also Figure 4.2-9), the mean diameter is 1.5nm. The fraction of Au islands on a defect-poor 

Au(111) surface, which are present due to the lifting of the reconstruction is (3±1)% of a 

monolayer (compare with previous section). Therefore, Pt coverage, calculated from the 

island-diameter distribution via assuming a circular shape and subtracting Au islands, is 

(6.2±1.6)% of a monolayer. Comparing this coverage with the value determined in purely 

electrochemical measurements (≈14% of a monolayer; see Table 4), we find that about 

(44±12)% of all islands could be visualized. Pt islands on defect-rich Au are nearly 

exclusively found in the vicinity of monoatomic high steps and islands; islands on terrace 

sites can hardly be observed (see Figure 4.2-8). The number of islands with a height of more 

than one monolayer is negligibly small. Here, the diameter of the islands is in between 1nm 

and 3nm (see also Figure 4.2-9), the mean diameter is 1.6nm. Pt coverage is evaluated as 

(1.0±0.5)% of a monolayer, i.e. about (6±3)% of all islands could be visualized. 

The discrepancy in coverage values determined through EC STM and 

adsorption/oxidation/reduction charges originates due to the following reason: Pt islands 

deposit preferably at step and defect sites [71]. If deposited at a very small overpotential, like 

in this study (deposition potential Edep=-0.05V vs. MSE), the islands grow pseudomorphically 

and their height is one monolayer, which was confirmed by Kondo and coworkers via 

resonance surface X-ray scattering (RSXS) measurements [43]. Therefore, Pt islands 

consisting of Pt atoms that attach on the lower terrace of step/defect sites (see Figure 4.2-10b) 

cannot be distinguished from the adjacent Au atoms, since the atomic radii of the two 

elements are nearly equal. The effect is very pronounced for Pt islands on defect-rich 

Au(111), since only about 6% of all the islands could be seen in the images. Up to now so-

called “chemical contrast”-STM for bimetallic surfaces was only achieved on terraces and 

step/defect sites with UHV-STM [155-157] and on terraces with EC STM [158] for metal 

alloys. It is concluded from these results that islands that couldn’t be visualized via EC STM 

attached on the lower terrace of step/defect sites (compare with Figure 4.2-10b). Islands 
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visualized in the images were well separated (compare with Figure 4.2-10a), such as the ones 

located on terraces or in the vicinity of step/defect sites. Thus, about (56±12)% of the Pt 

nanoislands on defect-poor Au(111) and about (94±3)% of the Pt nanoislands on defect-rich 

Au(111) attached on the lower terrace of steps/defects. 

 

Figure 4.2-7 EC STM image of Pt on defect-poor Au(111) in 0.1M HClO4. The corresponding 

island-diameter distribution is shown in Figure 4.2-9. The mean diameter of the Pt islands is 

1.5nm, they are mostly monoatomic in height and deposit preferentially in the vicinity of 

step/defect sites, but also on terraces. (reprinted, see [153]) 

 

Figure 4.2-8 EC STM image of Pt on defect-rich Au(111) in 0.1M HClO4. The corresponding 

island-diameter distribution is shown in Figure 4.2-9. The mean diameter of the Pt islands is 

1.6nm, they are monoatomic in height and deposit nearly exclusively in the vicinity of 

step/defect sites. (reprinted, see [153]) 
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Figure 4.2-9 Pt-island diameter distribution evaluated with EC STM images of the 

corresponding surfaces. (reprinted, see [153]) 

 

 

 

Figure 4.2-10 Sketch showing top and side view of Pt islands (gray circles) on Au(111) 

(yellow/orange circles) well separated on terrace sites or in the vicinity of step/defect sites 

(orange circles), that can be visualized by EC STM (a) and islands attached on the lower 

terrace of step/defect sites that cannot be distinguished from the Au(111) surface due to very 

similar atomic radius of Pt and Au (b). 

4.2.3 Dependence of electrocatalytic activity on defect density 

In Figure 4.2-11 Tafel plots of the kinetic and Pt-specific HOR- and HER-current densities for 

Pt nanoislands on defect-poor and defect-rich Au(111) are shown. Pt-specific current density 

was calculated as ratio of kinetic current density and mean Pt coverage (compare with Table 

4) for each sample. This calculation was based on the precondition that the measured current 

originated only from the Pt nanoislands present on the Au(111) surface. In order to make sure 

that this precondition was met, an HOR-investigation was performed for the defect-rich 

Au(111) surface as a reference. Current densities in this measurement were more than two 
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orders of magnitude lower than for the Pt/Au samples. Therefore, the HOR- and HER-

currents on the pure Au surface can be neglected in this context. 

The kinetic current density was evaluated as described in section 3.4.5 (p. 53ff.). Therefore, 

the RC-time constant =RCDL was calculated, which was about 2μs (R≈0.3, CDL≈6F) 

for Pt on defect-poor Au(111) and 4μs (R≈0.3, CDL≈13F) for Pt on defect-rich Au(111). 

Pt coverage was practically identical on all four samples (see Table 4). Concerning HOR, 

specific current densities for Pt on defect-rich Au(111) are higher by slightly less than a factor 

of two, for HER specific current densities are higher by a factor of three when compared with 

Pt on defect-poor Au(111). 

 

Figure 4.2-11 Tafel plot of the kinetic current density j (upper part) and Pt-specific current 

density jPt (lower part) for the HER (left) and the HOR (right) conducted at Pt nanoislands on 

defect-poor and defect-rich Au(111) in 1M HClO4. The electrolyte was saturated with H2. Pt 

coverage was identical on all four samples. The kinetic as well as the specific current density 

for Pt on defect-rich Au(111) is twice as high as for Pt on defect-poor Au(111) in the case of 

the HOR. For the HER the enhancement is even a factor of three. (reprinted, see [153]) 
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As already mentioned in section 2.3.2, (p. 32ff.), many researchers found the catalytic activity 

determined by step and defect sites of support or catalyst material [23, 29, 96, 104, 159-161]. 

In various cases it turned out that activity increased for increasing step/defect density. Thus, 

in this work, the part of the islands that attached directly to step/defect sites is considered as 

the main contributor to electrocatalytic activity. In that case the contribution from all other 

islands (see also previous section and Figure 4.2-10, p. 76) can be neglected. By relating 

measured kinetic current density to the part of the islands that attached on the lower terrace of 

step/defect sites, we obtain a different result (see Figure 4.2-12): Specific current density for 

HOR is quite similar on defect-poor and defect-rich samples. The HER-current density, 

however, still differs and is higher by nearly a factor of two for Pt on defect-rich Au(111). 

 

Figure 4.2-12 Tafel plot of the specific current density for HER (left) and HOR (right) for 

about 56% (on defect-poor Au(111)) and 94% (on defect-rich Au(111)) of all Pt nanoislands. 

These islands are located on the lower terrace of step and defect sites of the Au(111) surface 

(see also Figure 4.2-10b). For HOR the difference in specific current density when comparing 

Pt on defect-poor and on defect-rich Au(111) is rather small, for HER it is nearly a factor of 

two. (reprinted, see [153]) 
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4.3 Platinum nanospheres from micellar diblock-copolymers 

on Au(111) 

The generation of Pt nanospheres on Au(111) was motivated by the aim of demonstrating that 

the strain effect is not responsible for an activity enhancement when the Au surface is not 

completely covered by Pt. Hence, Pt nanospheres were established on Au(111) by diblock 

copolymer micelle lithography. Their electrocatalytic activity was compared with the activity 

of Pt nanoislands, which were electrochemically deposited on Au. Pt nanoislands are strained 

on the Au(111) surface, because of their height of only one or two atomic layers. In contrast, 

the topmost layers of Pt nanospheres are not strained, because of their height of several 

nanometers. The investigation was expected to yield equal activities for Pt nanoislands and Pt 

nanospheres concerning HER and HOR. Such a finding would imply that an enhancement of 

Pt activity on Au surfaces that are partially covered by Pt is determined by spillover and 

defects, but not by strain. 

4.3.1 Characterization of platinum nanospheres 

The samples were fabricated as described in section 3.3.2 (p. 45ff.). Presumably, some 

impurities assembled on the Pt surface during/after plasma etching, transfer and handling. 

Therefore, the surface had to be activated for electrochemical measurements. Such activation 

consisted of several oxidation-reduction cycles between 0.05V and 1.55V vs. SHE. Without 

that procedure, Pt was hardly detectable and the activity of the non-activated samples was 

quite low. After activation Pt coverage was determined via evaluation of hydrogen ad- and 

desorption, CO-adlayer oxidation and PtOx-reduction charge. The average Pt coverage was 

about 5%. 

CVs showing the hydrogen ad/desorption and Pt oxidation and reduction are depicted in 

Figure 4.3-1. The curves were evaluated as described in previous sections. 
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Figure 4.3-1 Hydrogen ad-/desorption and Pt oxidation and reduction for spherical Pt 

nanoparticles on Au(111) as measured via CV. Sample #1 was not annealed, sample #2 was 

annealed for 10s at a temperature of 300°C and sample #3 was annealed for 10min at 300°C 

in air. 

In Figure 4.3-2 CO-adlayer oxidation is shown for the three samples. For sample #1, which 

was not annealed, no dominant peak can be observed. Here, CO is oxidized in a potential 

range from 0.85V to 1.3V vs. SHE continuously. CO adsorbed on samples #2 and #3 is 

oxidized in a potential range from 0.7V to 1.25V vs. SHE. However, for these two samples, 

which both were annealed, an oxidation peak is found at a potential of 0.85V vs. SHE. Once 

again the CO-adlayer oxidation measurements of Friedrich and coworkers, for spherical Pt 

nanoparticles on polycrystalline Au, serve as a comparison [145]. The mentioned publication 

includes CO-adlayer oxidation CVs for Pt nanoparticles with a diameter of 10nm, which is 

similar to the diameter of the spherical Pt nanoparticles of our investigations (compare with 

following section on AFM characterization). The CO adsorbed on Pt particles, which were 

investigated by Friedrich et al., is oxidized between 0.8V and 0.95V vs. RHE in one single 

peak with a peak potential of 0.87V vs. RHE for a coverage of 0.013 (Figure 6 in the 

publication); a value which is quite close to the peak potential found in this study. For higher 

coverage the peak broadens, which is the case for the data presented in this work (see Figure 

4.3-2). Due to this accordance, the CO-adlayer oxidation charge is related to the one found by 

Friedrich et al. of q≈600C/cm
2
 (particle diameter ~10nm, coverage 0.013; the value was 

calculated from the image shown in the publication because it was not mentioned in the text). 

Since the CV of sample #1 differs from the other two, it is possible that the particles didn’t 

adhere properly to the Au(111) surface, because this sample was not annealed. Therefore, the 
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characteristics of 10nm-sized particles cannot be seen in the corresponding CO-adlayer 

oxidation CV. 

 

Figure 4.3-2 CO-adlayer oxidation for spherical Pt nanoparticles on Au(111). CO was 

adsorbed on the Pt-particle surface and oxidized during the first scan of the CV in a potential 

range from 0.7 to 1.25V vs. SHE. The second scan is shown for better visibility of the CO-

adlayer oxidation peak. 

A comparison of the coverage evaluated with the adsorption and oxidation measurements and 

the mean coverage for the three samples is given in Table 5. The three coverage values 

determined by the different methods differ slightly for sample #1, whereas for #2 and #3 they 

are very similar. 

Table 5 Pt coverage determined by hydrogen ad/desorption, CO-adlayer oxidation and PtOx-

reduction measurements. Mean coverage was calculated as average of the three coverages 

given for each sample. 

Sample # Duration of 

heat 

treatment at 

300°C 

Pt coverage, determined via Mean 

coverage Hydrogen 

ad-/desorp-

tion charge 

CO-adlayer 

oxidation 

charge 

PtOx 

reduction 

charge 

1 - 0.02±0.01 0.04±0.01 0.06±0.01 0.04±0.02 

2 10s 0.06±0.01 0.06±0.01 0.06±0.01 0.06±0.01 

3 10min 0.05±0.01 0.05±0.01 0.05±0.01 0.05±0.01 

 

For further characterization, TM-AFM images were recorded before and after electrochemical 

measurements. As already discussed before, the width of the particles is not correctly imaged 

by the cantilever, since its diameter is of similar size as the Pt particles. Therefore, only the 

measured height was considered reliable. The approximate width of the particles was 

determined by STM measurements of sample #3 after electrochemical measurements. The 
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STM image shows that particles had a width of (7±1)nm and a height of (5±1)nm (compare 

with Figure 4.3-3). The average height of the Pt particles of sample #3 after electrochemical 

measurements, as derived from AFM images, of (5.0±2.3)nm (compare with Figure 4.3-6), 

corresponds to the height measured by STM. Therefore their width seems to slightly exceed 

their height, which may be due to a slight compression or change in shape when they attach at 

the Au surface and/or the plasma-etching step. During the STM measurement some Pt 

nanospheres were moved by the STM tip (Pt tip) due to a strong interaction between tip and 

particles. Therefore, particles are not considered to be imaged at their initial location. 

   

Figure 4.3-3 STM image of sample #3 after electrochemical measurements and linescans of 

two Pt particles. The left Pt nanosphere is (5.0±0.5)nm high and (7.5±0.5)nm wide, the right 

one is (5.2±0.5)nm high and (7.0±0.5)nm wide. Some particles were moved by the STM tip (Pt 

tip), due to a strong interaction between tip and particles. 

TM-AFM images of samples #1-3 before and after electrochemical measurements are 

depicted in Figure 4.3-4 to Figure 4.3-6, respectively. The mean particle height was evaluated 

with these images. An additional image of another part of the sample was evaluated for each 

sample. Thus, the height of approximately 170 particles was measured in each case. Since the 

exact shape of the particles was unclear, Pt coverage was calculated by assuming a spherical 

shape with the radius corresponding to half the measured height and by assuming a 

hemispherical shape with the radius of the hemisphere corresponding to the measured height 

(compare with Figure 4.3-7). In Table 6 these values are summed up. 

When comparing the AFM images of samples #1-3 before and after electrochemical 

measurements, it is observed that the particle height is smaller after electrochemical 

measurements. The effect is very pronounced for samples #1 and #3, whereas the change in 

particle height is very small for sample #2. The decreasing height with electrochemical 

measurements can be due to a higher mobility of Pt atoms and/or a loss of Pt during 

oxidation-reduction cycles, i.e. during the activation procedure. 
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A comparison of the Pt-particle height of samples #1-3 before electrochemical measurements 

(see Table 6) shows, that the annealing procedure led to a decrease in particle height. 

Annealing at 300°C for 10s (sample #2) resulted in a decrease of 0.5nm, annealing at 300°C 

for 10min (sample #3) resulted in a decrease of 2.3nm compared to the initial non-annealed 

state. Furthermore, the particles of samples #2 and #3 were probably better attached to the 

surface. Annealing for 10min (sample #3 before EC) additionally decreased particle height, 

which presumably led to an even better adhesion of the particles on the Au(111) surface. Pt 

coverage, calculated from images taken after electrochemical experiments, is slightly smaller 

for samples #1 and #3, when compared to the initial coverage. This is probably due to the 

electrochemical activation procedure, which might lead to partial dissolution of Pt. Such an 

effect was not seen for sample #2. If also Pt coverage determined by electrochemical 

adsorption/oxidation measurements is taken into account, it is apparent that for all samples the 

assumption of spherical particles, with a radius of half their height, matches best.  

   

Figure 4.3-4 TM-AFM images of sample #1 before (left) and after electrochemical 

measurements (middle) and corresponding linescans (right). Particles are about 7nm high 

and the distance of neighboring particles is between 60nm and 70nm. 

   

Figure 4.3-5 TM-AFM images of sample #2 before (left) and after electrochemical 

measurements (middle) and corresponding linescans (right). Particles are about 7nm high 

and the distance between neighboring particles is between 50nm and 60nm. 
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Figure 4.3-6 TM-AFM images of sample #3 before (left) and after electrochemical 

measurements (middle) and corresponding linescans (right). Particles are about 6 and 5nm 

high before and after electrochemical measurements, respectively, and the distance between 

neighboring particles is between 60nm and 70nm. 

 

Figure 4.3-7 Two possible shapes of the Pt particles: A sphere with radius h/2 and a 

hemisphere with radius h. 

Table 6 Summary of values determined and calculated from TM-AFM images. For 

comparison the mean Pt coverage determined by electrochemical measurements is included. 

(EC=electrochemical measurements) 

Sample, 

description 

Mean particle 

height/nm 

Pt coverage 

calculated by 

assuming a 

spherical shape 

Pt coverage 

calculated by 

assuming a 

hemispherical 

shape 

Mean Pt 

coverage from 

electrochemical 

measurements 

#1, before EC 7.2±2.1 0.05±0.02 0.10±0.03 -- 

#1, after EC 6.4±2.3 0.04±0.02 0.07±0.02 0.04±0.02 

#2, before EC 6.7±1.6 0.05±0.02 0.09±0.03 -- 

#2, after EC 6.6±1.7 0.05±0.02 0.10±0.03 0.06±0.01 

#3, before EC 5.9±2.8 0.05±0.02 0.11±0.03 -- 

#3, after EC 5.0±2.3 0.04±0.02 0.08±0.02 0.05±0.01 

 

4.3.2 Dependence of electrocatalytic activity on particle height 

In Figure 4.3-8 Tafel plots of the kinetic and Pt-specific HER- and HOR-current densities are 

shown for the Pt nanospheres on Au(111) described in the previous section. For comparison, 

current densities for Pt nanoislands on Au(111) with similar Pt coverage and for a Pt(111) 

single crystal are shown. Pt nanoislands on Au(111) were fabricated by dipping and single 

pulse deposition. However, before HER-/HOR-measurements the samples were oxidized and 
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reduced in 1M HClO4, in order to guarantee an equal pretreatment as for the spherical Pt 

nanoparticles (compare with previous section). Pt-specific current density was calculated as 

ratio of kinetic current density and mean Pt coverage. The kinetic current density was 

evaluated as described in section 3.4.5 (p. 53ff.). Therefore, the RC-time constant =RCDL 

was calculated, which was about 7μs (R≈0.3, CDL≈13F) for all samples and the linear fit 

was performed in a time range of 30 to 100s. The influence of the double-layer charging 

current in this time range of about 0.01I0a (compare with section 3.4.5) is thus very small.  

 

Figure 4.3-8 Tafel plots of the kinetic current density j (upper part) and the Pt-specific 

current density jPt (lower part) for the HER (left) and the HOR (right) at spherical Pt 

nanoparticles and Pt nanoislands on Au(111) and at Pt(111) in 1M HClO4. The electrolyte 

was saturated with H2. 

Comparing the kinetic current densities of the samples shown in the Tafel plots (Figure 

4.3-8), a similar trend as in section 4.1 (p. 57ff.) can be seen: The highest kinetic current 
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density is measured for Pt(111). For Pt nanoislands on Au(111) kinetic current densities 

increase with increasing Pt coverage. Below these values the kinetic current densities for the 

Pt nanospheres on Au(111) follow the same trend as the Pt-nanoisland samples: Currents 

increase with increasing coverage. Considering the Pt-specific current densities shown in the 

Tafel plots, it becomes apparent that the activity of Pt nanoislands on Au(111) is higher than 

the activity of the spherical Pt nanoparticles on Au(111), which is similar to the activity of a 

Pt(111) single crystal. A comparison of the Pt-specific current densities of these samples for 

overpotentials of 𝜂=+/-0.02V, +/-0.04V and +/-0.06V (see Figure 4.3-9, specific current 

density is only shown for 𝜂=+/-0.02V because of equal trends), which were determined by 

linear interpolation of the Tafel plots, leads to the following conclusions: The activities of a 

Pt(111) single crystal and of Pt nanospheres on Au(111) are similar. However, for HOR, 

Pt(111) activity is slightly higher than Pt-nanosphere activity. A pronounced difference is 

seen between Pt nanoislands and Pt nanospheres for both reactions, HOR and HER: The 

activity of “two-dimensional” Pt nanoislands on Au(111) is more than twice as high as the 

activity of Pt nanospheres on Au(111). 

 

Figure 4.3-9 Specific current densities 𝑗𝑃𝑡,𝜂 for HER (left) and HOR (right) at an 

overpotential 𝜂=+/-0.02V for a Pt(111) single crystal (black square), Pt nanospheres on 

Au(111) (samples #1-3, red circles) and Pt nanoislands on Au(111) (samples #16_2 and 

#17_2, blue triangles). 

Considering the results of section 4.1 (p. 57ff.), which dealt with various Pt coverages on 

Au(111) one could argue that the different electrocatalytic activities in these investigations 

might as well be due to a coverage-determined effect. Therefore, the specific current densities 

at an overpotential 𝜂=+/-0.02V, calculated from HER-/HOR-Tafel plots of the Pt nanoislands 

on Au(111), which were presented in section 4.1.2 (p. 64ff.), were compared with the ones of 
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Pt nanospheres on Au(111) (see Figure 4.3-10). This plot shows, that the activity of Pt 

nanospheres is in fact smaller than the activity of Pt nanoislands on Au(111). In the case of 

the HER the activities of Pt nanospheres are similar to the ones of Pt(111) and of high 

coverages c (c > 0.3) of Pt nanoislands on Au(111), but well below the activities of small 

coverages of Pt nanoislands on Au(111). In the case of the HOR the activities of Pt 

nanospheres are slightly below the one of Pt(111) and considerably smaller than the ones of Pt 

nanoislands on Au(111). 

 

Figure 4.3-10 Comparison of Pt-specific current densities 𝑗𝑃𝑡,𝜂 at an overpotential 𝜂=+/-

0.02V calculated from HER-/HOR-Tafel plots, for Pt nanospheres on Au(111), Pt nanoislands 

on Au(111) and Pt(111). 
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4.4 Electrochemical properties of defined nanostructure arrays 

Nanoimprint lithography (NIL) and nanotransfer printing (nTP) are nanostructuring 

techniques, which are usually employed in semiconductor research. Many different materials 

were therefore printed on or transferred to Si substrates. The following section aims at a 

demonstration of the applicability of such structures in electrochemical measurements. 

Nevertheless, the main objective of this approach was to verify the spillover effect for the 

HER and the HOR at Pt nanoislands on Au. Therefore, NIL and nTP were used to establish 

defined arrays of Au lines and pillars. The Au lines were then electrochemically coated by Pt 

nanoislands. Their electrocatalytic activity was expected to be lower than the activity of Pt 

nanoislands on extended Au surfaces. On an extended Au surface spillover can proceed in all 

directions. However, on a limited Au surface, such as for example on Au lines, spillover is 

assumed to be partially inhibited. Therefore, Pt-nanoisland activity was expected to be lower 

on Au lines than on extended Au surfaces. 

4.4.1 Gold pillars on highly doped silicon 

In this section, first investigations of Au pillars in an electrochemical setup will be presented. 

The Au pillars were established on highly p-doped Si by nTP. With this approach, the Au 

surface surrounding electrochemically deposited Pt nanoislands can be decreased 

systematically. With decreasing diameter of the Au pillars spillover should be inhibited 

almost completely. This is expected to be reflected in a decreasing activity of the Pt 

nanoislands and a much lower activity than measured for Pt nanoislands on extended Au 

surfaces. 

In these first investigations the diameter of the Au pillars was kept at 100nm. A major 

challenge of such an electrode configuration is the establishment of an electrical contact to the 

Au pillars: They are not connected by a metallic contact but through the Si surface. Therefore, 

the electrochemical properties of the Au pillars have to be characterized thoroughly in order 

to allow for comparison with extended Au surfaces. 

4.4.1.1 Characterization by TM-AFM 

Au pillars were fabricated as described in section 3.2.2 (p. 41ff.). TM-AFM images of such 

structures were recorded before and after electrochemical measurements. Several images of 

the as-prepared structures of samples PBPi04 and PBPi05 are shown in Figure 4.4-1 and 
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Figure 4.4-2, respectively. The pillars on each sample are very similar in size and only very 

few missing pillars, about 1-2%, can be seen. On sample PBPi04 the pillars have a diameter 

of (110±5)nm, the spacing is (170±5)nm (from center to center) and their height is (45±5)nm. 

On sample PBPi05 the pillars have a diameter of (110±5)nm, the spacing is (170±5)nm and 

their height is (30±5)nm. Thus, size and spacing are quite reproducible. Only the height of the 

pillars was varied, which is determined by the quality of the SAM on the nTP-mold and by 

the varying thickness of the metal layers evaporated on the mold. 

   

Figure 4.4-1 TM-AFM images of Au pillars on sample PBPi04 with different magnifications 

and a corresponding line scan, recorded before electrochemical measurements. The diameter 

of the pillars is (110±5)nm, the spacing is (170±5)nm and the height of the pillars is 

(45±5)nm. 

   

Figure 4.4-2 TM-AFM images of Au pillars on sample PBPi05 with different magnifications 

and a corresponding line scan, recorded before electrochemical measurements. The diameter 

of the pillars is (110±5)nm, the spacing is (170±5)nm and the height of the pillars is 

(30±5)nm. 

TM-AFM images of sample PBPi04 captured after the electrochemical measurements are 

depicted in Figure 4.4-3. The size of the pillars and their spacing was maintained during the 

electrochemical measurements, which can be seen from AFM images and corresponding line 

scans before and after electrochemical measurements. Nevertheless, about 15% of the pillars 

were detached and nearly all of them reattached at another pillar/other pillars in the close 

vicinity of their previous place. In electrochemical measurements the mobility of the Au 
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pillars on the Si surface, if not properly attached, is enhanced and their detachment is 

facilitated compared to dry conditions. This detachment is related to the properties of the Ti 

layer under the Au layer. For instance, if the Ti layer is too thin or was not attached properly 

to the Si surface, the pillars are detached easily from the Si surface, since the adhesion of Au 

is very poor on Si substrates. 

   

Figure 4.4-3 TM-AFM images of Au pillars on sample PBPi04 with different magnifications 

and a corresponding line scan, recorded after electrochemical measurements. The diameter 

of the pillars is (110±5)nm, the spacing is (170±5)nm and the height of the pillars is 

(45±5)nm. 

From the dimensions determined by the TM-AFM images, the pillar density and the Au-

surface area can be calculated. With respect to the constant spacing of (170±5)nm for both 

samples the pillar density is (3.5x10
9
±0.3x10

9
)/cm

2
 on the structured surface. The Au surface, 

assuming a cylindrical shape of the pillars, is (7.8x10
-4

±2.9x10
-4

)cm
2
 on PBPi04 before and 

after electrochemical measurements, since the detached Au pillars reattached and therefore 

also had electric contact. On PBPi05, the Au surface is (6.2x10
-4

±2.3x10
-4

)cm
2
.  

4.4.1.2 Applicability in electrochemistry 

A suitable method to compare a newly fabricated Au structure with an extended Au surface 

for electrochemical means is usually done by CV. Characteristic features of the CVs have to 

appear in the same potential regions to make sure, that the electrochemical behavior 

corresponds to one another. Thus, the regimes of Au oxidation and reduction as well as 

oxygen and hydrogen evolution were compared in 1M HClO4. Such investigations were 

conducted for the Au pillars on Si (PBPi04) and for an extended Au layer on a glass substrate 

(compare with section 3.2.1, p. 40ff.), which was not annealed. Additionally an extended, 

sputtered Au layer (height ~20nm) on a p-doped Si sample with a Ti layer in between for 

adhesion, which was fabricated like the Au/Ti deposit on the nTP-mold and contacted through 

the rear part of the Si sample, like the Au pillars, was also characterized via CV. This 
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investigation was performed to make sure that the contact through the rear part of the Si 

substrate did not introduce any semiconductor-related characteristics or a large Ohmic 

resistance. A CV at the pure Si surface, which was also contacted at the rear side, is included 

for comparison. Since the Si served as a conducting support material only and the Au pillars’ 

behavior was to be studied, an influence of the Si surface was not eligible. Si was therefore 

believed to be very well suited for such measurements because of its natural surface oxide. An 

electrochemical reaction of the Si surface with electrolytes is usually only seen in highly 

concentrated potassium hydroxide (3-15M KOH) and hydrofluoric acid (HF) [162-166]. 

CVs of the oxygen evolution regime for the above mentioned samples in Ar-purged 1M 

HClO4 are depicted in Figure 4.4-4. On the left the geometric current density at the pure Si 

surface and at the Au pillars on Si is shown. The current measured at the Si surface was also 

subtracted from the current measured at the pillar sample and included in the CV. On the 

right, CVs of the Au-oxidation and -reduction reaction and of the oxygen evolution reaction 

(OER) at the different Au surfaces are shown. Au-specific current density jAu was calculated 

by relating the measured current to the Au surface area, which was determined by integration 

of the Au-oxidation current for the extended Au films on glass and on Si, as described in 

section 3.4.4.1 (p. 51f.). The determination of Umin for such an evaluation was straight 

forward for these samples. However, the sample with Au pillars on the Si surface does not 

show a distinct current minimum. Therefore the Au pillars’ surface area was calculated by 

integration of the Au-reduction peak. In the case of the extended Au surfaces, the values 

determined by integration matched well with the calculated ones (compare with Table 7). The 

Au pillars’ surface on the Si substrate is similar to the one calculated from AFM 

measurements, but the two values differ somewhat. This is due to the more qualitative 

character of such a surface determination (compare with section 3.4.4.1).  

Table 7 Comparison of the Au-surface area determined by electrode dimensions/Au-pillar 

dimensions and by Au-oxidation/-reduction charge. 

Sample Description Au-surface area/cm
2
, determined via 

dimension of 

electrode surface/Au 

pillars (AFM) 

Au-oxidation/-

reduction charge 

Au on 

glass 

extended 250nm thick Au 

layer on glass 

0.07±0.03 0.10±0.01 

Au on Si extended 20nm thick Au layer 

on Si 

0.07±0.03 0.11±0.01 

Au pillars Au pillars on Si 7.8⋅10
-4

±2.9x10
-4

 2.1⋅10
-4

±0.5x10
-4
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Comparing the different CVs (Figure 4.4-4, right side), several important features are quite 

obvious: The double-layer capacity CDL of the Au-pillar sample is much higher than that of 

the samples with extended Au surfaces. This is due to a rather high double-layer capacity of 

the Si surface, which could not be separated completely from the double-layer capacity of the 

Au pillars (compare with left side of the figure). Also, the current at potentials positive of 

1.7V vs. SHE, i.e. in the oxygen evolution regime, is much higher at the sample with Au 

pillars, compared with the extended Au surfaces. This can be due to an enhancement of the 

oxygen evolution reaction (OER) by the Au pillars and/or an additional OER-current 

contributed by the Si surface. Furthermore, the oxidation of the Au surface starts at 1.24V vs. 

SHE for all samples, no matter if an extended Au layer or the Au pillars are investigated. 

Additionally, the AuyOz reduction takes place in the same potential regime, i.e. from 1.30V to 

0.95V vs. SHE, for these samples, and the peak potentials of the pillar-sample and the 

extended Au film on glass are very similar. 

 

Figure 4.4-4 Comparison of CVs for Au oxidation/reduction and oxygen evolution reaction 

(OER) at different Au surfaces in Ar-purged 1M HClO4: (i) extended Au layer deposited on 

glass, contacted directly on the Au surface, (ii) extended Au layer deposited on p-doped Si, 

contacted through the rear part of the Si sample and (iii) Au pillars on p-doped Si, also 

contacted through the rear part of the Si sample (PBPi04). Another CV at the pure Si surface 

is included in the left graph. 

In Figure 4.4-5 the CVs of the HER in Ar-purged 1M HClO4 at the different electrodes are 

shown. The current was again normalized to Au surface. As a precondition for that, the 

assumption was made that the Si surface of the Au-pillar sample is not active for hydrogen 

evolution. This assumption is based on the observation of strongly fluctuating current in the 
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HER-regime at a bare Si surface, which is very small compared to the current measured at an 

extended Au surface. 

At a first glance, it seems that the onset potential of about -0.15V vs. SHE for the HER is very 

similar at the three electrodes (compare with left image of Figure 4.4-5). However, a closer 

look at the low-potential range (right image) shows that there is a slight difference: In spite of 

the slopes being very steep and similar, the activity for hydrogen evolution increases in the 

following sequence: extended Au layer on Si < extended Au layer on glass < Au pillars on Si. 

A higher activity of the extended Au layer on glass compared with the one on Si can be due to 

a more defined Au surface of the Au layer on glass, which is based on preparation conditions. 

The high HER-current measured at the Au pillars can be caused by a higher activity of the Au 

nanostructures compared with extended surfaces. 

 

Figure 4.4-5 Comparison of CVs in the HER-regime at different Au surfaces in Ar-purged 1M 

HClO4: (i) extended Au layer deposited on glass, contacted directly on the Au surface, (ii) 

extended Au layer deposited on p-doped Si, contacted through the rear part of the Si sample 

and (iii) Au pillars on p-doped Si, also contacted through the rear part of the Si sample. For 

better comparability, the right figure only shows the cathodic scan for the pillar-sample and 

the curve is shifted upwards. Since the double layer current is much more pronounced at this 

sample, this current is subtracted, because it does not contribute to the actual HER current. 

It was quite important to find the Au oxidation/reduction of pillars and extended surfaces and 

the HER for these samples in approximately the same potential regimes. The differences of 

some 0.01V can be due to different properties of the different Au surfaces. A considerable 

shift to higher/lower potentials for oxidation/reduction reaction and to lower potentials for 

HER would indicate an influence of the semiconducting Si substrate on the Au pillars. In that 

case, it would be very difficult to compare the electrochemical properties of the Au pillars 
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with those of extended Au surfaces. However, even the small potential-shifts have to be 

further investigated and several more samples will have to be characterized. 

Nevertheless, it was demonstrated that the Au pillars on Si are a suitable system for 

electrochemical experiments. Thus, it will also be possible to deposit Pt on the Au pillars and 

investigate the electrocatalytic activity of such electrodes. 

4.4.2 Platinum nanoislands on gold lines between polymer lines 

In the following, results of electrochemical measurements on Au lines with a width of about 

160nm, fabricated by NIL, as described in section 3.2.2 (p. 41ff.), will be discussed. Pt was 

electrochemically deposited on these Au lines and HOR/HER was measured with 

potentiostatic single pulses. The activity of the deposited Pt nanoislands on Au lines was 

compared with the activity of Pt nanoislands on an extended Au surface. 

As mentioned above, the motivation for such measurements is governed by the spillover 

effect. The electrocatalytic activity of Pt nanoislands on nanostructured Au lines is expected 

to be lower than on extended Au surfaces, due to a partial inhibition of the spillover effect. 

For Pt nanoislands, which are deposited in the vicinity of the border of an Au line (compare 

with Figure 4.4-6), spillover is diminished or inhibited in one direction. Such diminishment 

should be reflected in a decreased electrocatalytic activity of such an electrode. 

 

Figure 4.4-6 Spillover effect on different electrode structures during HER (a) and HOR (b): 

(1a+1b) On a conventional electrode consisting of Pt nanoislands on an extended Au(111) 

surface spillover is possible. (2a+2b)+(3a+3b) On nanostructured electrodes consisting of Pt 

nanoislands on Au lines spillover is diminished (2) or inhibited (3) in one direction, 

depending on the distance of the Pt nanoisland to the border of the Au line. 
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4.4.2.1 Characterization of support surface and platinum deposit 

The Au surface with polymer lines was analyzed by TM-AFM to determine the width of the 

lines and their spacing. The width of the polymer lines was (100±10)nm, their spacing 

(260±10)nm and consequently the width of the Au lines was (160±10)nm (compare with 

Figure 4.4-7). 

 

Figure 4.4-7 TM-AFM image and corresponding line scan of polymer lines (bright lines) on 

an Au surface (dark lines), established by NIL. The polymer lines are (100±10)nm wide and 

approximately 30nm high and the Au lines in between are (160±10)nm wide. 

Since such samples were to be used in high concentrated electrolyte, such as 1M HClO4, the 

polymer had to be tested for its chemical stability therein. Thus, one of the samples was 

covered with 1M HClO4 for more than one hour. When TM-AFM was performed on this 

sample, the images showed that polymer lines were still present and that there was no change 

in shape before and after electrolyte-treatment. 

With these preconditions fulfilled, Pt could be deposited from 0.5mM K2PtCl6+1M HClO4 on 

the free Au lines between polymer lines. Thus, two samples were coated with Pt by the single 

pulse deposition method. For sample PB3 an overpotential of -0.26V and a deposition time of 

0.5s was used, at sample PB4 an overpotential of -0.06V was applied for 0.5s. Subsequently, 

the samples were subjected to an oxidation-reduction sequence for activation (compare with 

section 4.3, p. 79ff.) and their activity for the HOR and HER was measured with 

potentiostatic pulses in hydrogen purged 1M HClO4. 

As demonstrated in previous sections and shown by Kondo and coworkers [43], the Pt deposit 

is one atomic layer high in the case of small deposition overpotential (PB4) and several layers 

in the case of high deposition overpotential (PB3). The Pt deposit was characterized by 
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hydrogen ad-/desorption and PtOx reduction. The procedures were carried out as described in 

the sections before. Corresponding CVs are shown in Figure 4.4-8. 

 

Figure 4.4-8 Oxidation and reduction cycles at samples PB3 and PB4 in Ar-purged 1M 

HClO4. 

4.4.2.2 Dependence of electrocatalytic activity on the gold surface surrounding 

platinum nanoislands 

The electrocatalytic activity of Pt nanoislands on Au lines was compared with the 

electrocatalytic activity of Pt nanoislands on extended Au surfaces. Similar Pt coverages were 

chosen for this comparison to exclude an influence of different coverages on activity. In 

Figure 4.4-9 Tafel plots for HER and HOR at Pt nanoislands on Au lines between polymer 

lines for the sample with high Pt coverage (PB3, coverage=0.20) and at Pt nanoislands on an 

extended Au(111) surface are shown. The corresponding Tafel plots for Pt(111) are also 

included. 
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Figure 4.4-9 Tafel plots of the kinetic current density j (upper part) and the Pt-specific 

current density jPt (lower part) for the HER (left) and the HOR (right) at Pt(111) (black 

squares), at Pt nanoislands on Au lines between polymer lines (red circles) and at Pt 

nanoislands on extended Au(111) surfaces (triangles) in 1M HClO4, with Pt coverage c. The 

electrolyte was saturated with H2. 

The kinetic current densities of the Tafel plots show the same behavior as in the studies 

before: They increase with increasing Pt coverage. Comparing the Pt-specific current 

densities of the samples with similar coverage (red circles and triangles), very similar 

activities for the HER and HOR are found, except for Pt(111) whose electrocatalytic activity 

is lower. Thus, as a general outcome no difference in activity can be recorded for rather high 

Pt coverage of about 0.2ML on Au lines and on extended Au surfaces. 

In contrast, for smaller Pt coverage (0.09ML) there is a difference in activity when comparing 

Pt nanoislands on Au lines between polymer lines (PB4) and Pt nanoislands on extended 

Au(111) surfaces (see Figure 4.4-10): The kinetic current density of Pt nanoislands on Au 
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lines is considerably smaller than the one of Pt nanoislands on extended Au surfaces, although 

Pt coverage is very similar. The same situation is reflected by the Tafel plots of Pt-specific 

current density: For Pt nanoislands on extended Au(111) surfaces it is more than twice as high 

as for Pt nanoislands on Au lines between polymer lines. Interestingly, the activity of Pt 

nanoislands on Au lines between polymer lines is comparable to the one of Pt(111). 

 

Figure 4.4-10 Tafel plots of the kinetic current density j (upper part) and the Pt-specific 

current density jPt (lower part) for the HER (left) and the HOR (right) at Pt(111) (black 

squares), at Pt nanoislands on Au lines between polymer lines (red circles) and at Pt 

nanoislands on extended Au(111) surfaces (triangles) in 1M HClO4, with Pt coverage c. The 

electrolyte was saturated with H2. Sample #17 was subjected to an oxidation-reduction 

sequence like sample PB4, for better comparison. 

A comparison of the Pt-specific current densities of these samples and of Pt(111) for an 

overpotential of 𝜂=+/-0.02V (see Figure 4.4-11), which were determined by linear 

interpolation of the Tafel plots, leads to the following conclusions: The activities of a Pt(111) 
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single crystal and of Pt nanoislands on Au lines for a Pt coverage of 0.09 are similar. At this 

coverage a pronounced difference is seen between Pt nanoislands on an extended Au(111) 

surface and on Au lines: The activity of Pt nanoislands on extended Au surfaces is more than 

twice as high as the one of Pt nanoislands on Au lines. However, for a Pt coverage of 0.20 

there is no difference in activity between Pt nanoislands on extended Au surfaces and Au 

lines. 

 

Figure 4.4-11 Specific current densities 𝑗𝑃𝑡,𝜂 for HER (left) and HOR (right) at an 

overpotential 𝜂=+/-0.02V for a Pt(111) single crystal, Pt nanoislands on extended Au(111) 

surfaces and Pt nanoislands on Au lines. 
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5 Discussion 

Any of the investigations, which were presented in the previous chapter, were carried out with 

the aim to contribute to a detailed understanding of the HER and the HOR at Pt 

nanostructures on Au surfaces. Spillover, strain and defect-density effect play a fundamental 

role in this context. Hence, the results of the different studies need to be discussed in this 

respect. 

5.1 Platinum nanoislands on Au(111) – Double pulse 

deposition and dependence of electrocatalytic activity on 

deposition sites and coverage 

In section 4.1 (p. 57ff.) electrochemical deposition of Pt on Au(111) in general and in 

particular double pulse deposition were analyzed. With this approach, the dependence of the 

electrocatalytic activity of Pt on Au(111) was investigated with respect to deposition sites, 

number of Pt nanoislands and Pt coverage. A summary of the results is given in the following: 

 Four different deposition routines were applied: dipping, single and double pulse 

deposition as well as CV. 

 Dipping at a potential positive of the equilibrium potential for Pt deposition yields a 

coverage of about 5% of a ML on the used Au(111) surfaces, which is mostly located on 

step and defect sites. Since this procedure is part of any deposition routine, deposition at 

step and defect sites cannot be prevented by e.g. choosing high deposition overpotential. 

Furthermore, a coverage lower than 5% of a ML cannot be achieved by electrochemical 

deposition, without any post-treatment such as for example oxidation of the metallic Pt. 

 The fact that after dipping, a Pt coverage of about 5% of a ML could be determined is 

most probably due to adsorption of the [PtCl6]
2-

 complex on the Au surface [71]. The 

actual deposition takes place after the dipping procedure due to reduction of the adsorbed 

complex to metallic Pt when the potential is decreased during subsequent measurements. 

 Via double pulse deposition the Pt-nanoisland size and the number of islands on terraces 

can be influenced. With increasing nucleation overpotential 𝜂𝑛𝑢𝑐 the number of deposited 

islands increases and with increasing growth-pulse time tgro the size of the islands 

increases. 
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 The activity of Pt nanoislands on Au(111) for HER and HOR was enhanced by a factor of 

three and two, respectively, when compared to bulk Pt(111). In the case of the HER 

(compare with Figure 5.1-1), a trend of increasing activity with decreasing Pt coverage is 

obvious. This is in contrast to the HOR, for which the activity of Pt nanoislands on 

Au(111) shows no clear trend with respect to coverage. For both reactions, the Pt 

nanoislands on Au(111) were found to be more active than a Pt(111) single crystal. 

 

Figure 5.1-1 Pt-specific current density 𝑗𝑃𝑡,𝜂 for the HER at an overpotential 𝜂=-0.02V, 

plotted versus coverage for different deposition methods. Several schemes of possible 

positions of Pt and Au atoms corresponding to deposition method and coverage are included. 

The objective to demonstrate the suitability of double pulse deposition for the Pt/Au system 

was partly accomplished: Double pulse deposition of Pt on Au is characterized by the typical 

features, such as an increasing number of Pt nanoislands with increasing nucleation 

overpotential and an increasing island size with increasing growth-pulse time. However, due 

to the irreversible adsorption of the [PtCl6]
2-

 complex on the Au surface there is always a 

small amount of Pt, which is deposited in an uncontrolled way; also on step and defect sites. 

That is why the second goal, i.e. to determine a dependence of the electrocatalytic activity of 

Pt on Au(111) on deposition sites, island size and island number, was partly achieved, either: 

For HER and HOR one of the highest activities was exhibited by a dip-coated sample, for 

which Pt is mostly located on step and defect sites. Nevertheless, a controlled double pulse 

deposition of Pt with a defined number and size of islands, located mostly on terrace sites, 

would have brought additional knowledge on this system. In any case, the dependence of Pt 

activity on coverage was determined. An increasing activity with decreasing Pt coverage for 

HER can be due to strain, spillover and different adsorption sites of hydrogen atoms for 

different Pt coverage. A pronounced change in Pt activity for the HER is seen at a Pt coverage 
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between 0.3 and 0.5. For higher coverage the behavior is bulk-like, for lower coverage 

activities are considerably higher than Pt(111) activity. For HOR such a transition occurs 

from bulk Pt(111) to Pt nanoislands on Au(111). However, there is no clear trend for 

decreasing Pt coverage. The finding for both reactions, i.e. that the activity of Pt nanoislands 

on Au(111) is higher than the activity of Pt(111) is in line with the idea of spillover and with 

effects discussed in section 2.3 (p. 28ff.): Pt nanoislands on Au(111) may offer ideal 

adsorption sites for hydrogen atoms (Δ𝐺𝐻 ≈ 0). 

5.2 Platinum nanoislands on defect-rich Au(111) – Spillover 

effect for the hydrogen oxidation reaction 

In section 4.2 (p. 67ff.) the influence of defect density on an Au(111) surface on 

electrocatalytic properties of Pt nanoislands was evaluated. The particular goal of these 

investigations was the verification of the spillover effect for the HOR. An enhancement of the 

activity of Pt nanoislands on defect-rich Au(111) in comparison with Pt on defect-poor 

Au(111) was therefore expected to occur for the HOR, but not for the HER. In detail, the 

following results were achieved: 

 Using potentiostatic single pulses with very small deposition overpotential, Pt deposits 

preferentially on step and defect sites of an Au(111) surface. In particular, Pt nanoislands 

deposit nearly exclusively on step and defect sites of a defect-rich Au(111) surface. At 

equal coverage, a higher number of Pt nanoislands was found on step and defect sites of a 

defect-rich Au(111) surface compared with a defect-poor Au(111) surface and attributed 

to the increased amount of step and defect sites on a defect-rich Au(111) surface. This was 

confirmed by comparing EC STM with hydrogen ad-/desorption, CO-adlayer oxidation 

and PtOx-reduction measurements. EC STM images furthermore showed that the islands 

were mostly monoatomic in height. 

 Pt-specific current density is higher by a factor of two for HOR and higher by more than a 

factor of three for HER on Pt nanoislands on defect-rich Au(111), when compared with Pt 

nanoislands on defect-poor Au(111). This shows that Pt nanoislands are more active on 

step/defect sites (compare with Figure 5.2-1).  

 If Pt-specific current densities are plotted with respect to the part of Pt nanoislands that are 

located on the lower terrace of step/defect sites (see also Figure 4.2-12, p. 78), the 

enhancement nearly disappears for the HOR and decreases for the HER. This leads to the 

conclusion that the highest activity of Pt nanoislands investigated in this study is exhibited 
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by the ones on the lower terrace of Au(111) step/defect sites. Obviously, HOR and HER 

strongly depend on specific sites of the Au(111) surface where Pt nanoislands are located. 

 Since in the above mentioned plot an enhancement is still observable for HER, not only 

the position of the Pt nanoislands but also the defect-rich Au(111) surface influences Pt 

activity. 

 

Figure 5.2-1 Tafel plot of the Pt-specific current density jPt for the HER at Pt nanoislands on 

defect-poor and defect-rich Au(111). Two schemes of the preferential positions of the Pt 

nanoislands on the Au surface are included. 

The goal of verifying the spillover effect for the HOR was accomplished in part: An 

enhancement of Pt activity was demonstrated for Pt nanoislands on defect-rich Au(111) with 

respect to Pt nanoislands on defect-poor Au(111). However, such an enhancement also 

occurred for the HER. Therefore, in the case of HOR, a higher activity of Pt nanoislands on 

defect-rich Au(111) cannot be ascribed to spillover exclusively. Similarly to the implications 

of the investigations of the previous section, these results illustrate the interdependence of 

spillover and defect-density effect: The enhancement can either be due to a spillover of 

hydrogen atoms from the Pt nanoislands to the Au surface or vice versa. It can have its origin 

in different hydrogen adsorption energies for Pt nanoislands, which are located at different 

sites (defect or terrace sites). However, also a combination of both effects can lead to the 

observed correlation. 

A detailed analysis of the possible role of (111)- and (100)-step sites on the Au(111) surface 

leads to the following interpretations: 

 The HER-activity of Pt atoms on a (100) step of the Au(111) surface may be higher than 

on a (111) step, comparable to the Pd/Au system [40]. As mentioned in section 2.2.2 (p. 

23ff.), the number of (100)-step sites on the defect-rich Au(111) surface is higher than on 
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defect-poor Au(111). This can be a reason for the more enhanced activity of Pt for the 

HER compared with the HOR. 

 Considering the HOR, hydrogen dissociation is the basis for this reaction to proceed. 

Theoretical calculations showed an enhanced activity of (111)-step sites on Pt(111) 

compared with (100)-step sites for H2 dissociation [106]. If this finding is transferable to 

Pt nanoislands forming (111) and (100) steps with the Au(111) surface, it can be a reason 

for the lesser enhancement of the activity of Pt on defect-rich Au(111) compared with the 

HER. Thus, for the HOR the (111) steps may be more beneficial. 

 

The role of the defect sites of an Au(111) surface for the activity enhancement of Pt islands 

has not been analyzed in detail by theoretical means until now. However, the electronic 

structure of the Au(111) surface is definitely altered at defect sites because of the low 

coordination of the corresponding Au atoms. This also influences the electronic structure of Pt 

nanoislands attached to such Au atoms, which might for example lead to lower hydrogen 

adsorption energy and therefore facilitate HER and HOR. Moreover, the steps and defects on 

the Au(111) surface may enhance spillover by e.g. a higher adsorption energy for hydrogen 

atoms on these sites. 

5.3 Relevance of strain: Platinum nanospheres compared with 

platinum nanoislands 

In section 4.3 (p. 79ff.) the electrocatalytic activity of Pt nanospheres on Au(111), of Pt 

nanoislands on Au(111) and of Pt(111) was compared. Pt nanospheres were expected to be as 

active as Pt nanoislands on Au(111) and therefore considerably more active than Pt(111). 

Such a finding would have led to the conclusion that the electrocatalytic activity of Au 

surfaces that are partially covered by Pt is influenced by spillover and surface defects, but not 

by strain. However, these expectations were not met by the results of the investigations, which 

are summarized in the following: 

 Using micellar diblock-copolymers, it is possible to generate a defined arrangement of Pt 

nanospheres on Au(111). It was demonstrated that such electrodes can be used for 

electrochemical investigations. In particular, they showed a good electrochemical 

performance, when they were annealed at 300°C for 10s and 10min. 
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 The activity of Pt nanospheres is comparable to the activity of Pt(111) and considerably 

smaller than the activity of Pt nanoislands on Au(111) with similar Pt coverage for HOR 

and HER (see Figure 5.3-1). 

 

Figure 5.3-1 Pt-specific current density 𝑗𝑃𝑡,𝜂 for the HER at an overpotential 𝜂=-0.02V, 

plotted versus coverage for Pt nanoislands and Pt nanospheres on Au(111) and for Pt(111). 

Schemes of Pt nanoislands and a Pt nanosphere on the Au surface are included. 

This finding is in contrast to the expected behavior, i.e. the relevance of strain with respect to 

the electrocatalytic activity of Pt nanoislands on Au(111) could not be excluded. However, the 

finding is in line with recent DFT calculations for Pd on Au(111), which claim a higher 

activity of Pd nanoislands compared with bulk Pd, because strained nanoislands offer optimal 

adsorption sites for hydrogen atoms (Δ𝐺 ≈ 0, see also section 2.3.1, p. 29ff.) [40]. Since the 

Pt nanospheres with a height of 7nm are at least 20 atomic layers high, the lattice constant is 

equal or very close to the bulk value, except for the first few layers at the Pt-particle/Au-

interface, which do not take part in the electrocatalytic reaction. 

 

These results point out that strain plays an important role for the electrocatalytic activity of Pt 

on Au(111), since a considerable enhancement in activity only occurs for Pt nanoislands on 

Au(111). The results also indicate that spillover effect is very limited for Pt nanospheres on 

Au(111), since their activity is very similar to the one of bulk Pt(111). Therefore, the spillover 

effect is also connected to the height of the nanostructures. This means that spillover is 

closely related to strain. Thus, the experimental separation of the two effects is difficult. 
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5.4 Gold pillars on highly doped silicon 

In section 4.4.1 (p. 88ff.) the applicability of Au pillars on Si substrates in an electrochemical 

environment was tested. The pillars were fabricated by the nTP process, which allows for a 

systematic variation of the diameter and spacing of the pillars. Hence, these structures can be 

very useful for the evaluation of the influence of geometrical factors on electrochemical 

properties. In the following, the results of these investigations are summarized: 

 The oxidation/reduction of Au pillars on Si and the HER at these samples was compared 

with the behavior of extended Au surfaces. The reactions occurred in very similar 

potential regimes. 

 The double-layer capacity of Si in 1M HClO4 was found to be much higher than the one 

of extended Au surfaces. 

 The applicability of nTP-manufactured free standing nanostructures on Si in 

electrochemical experiments was successfully demonstrated. 

 The dimensions and the spacing of the Au pillars were maintained during electrochemical 

experiments. However, some pillars detached from the Si support. 

 

The electrochemical measurements prove that the electric contact, which was established via a 

silver paste on the HF-treated rear side of the Si substrate, is an Ohmic contact. Therefore, 

such a system is suitable for the utilization in electrochemical experiments. The main benefit 

of these structures is the large variability offered by the nanotransfer technique: The width of 

the Au pillars can be varied systematically from a minimum of 5-10nm through hundreds of 

nanometers to micrometers. In particular, the electrocatalytic activity of Pt on such Au pillars 

can be investigated thoroughly to gain further knowledge on the spillover effect and, more 

generally, on the interdependence of Pt and Au in an electrocatalytic system. 

5.5 Relevance of spillover: Platinum nanoislands on gold lines 

In section 4.4.2 (p. 94ff.) the electrocatalytic activity of Pt nanoislands on 160nm-wide Au 

lines and on extended Au(111) surfaces was compared. The objective of these investigations 

was the verification of the spillover effect. The activity of Pt nanoislands on Au lines was 

expected to be lower than the one of Pt nanoislands on extended Au surfaces: The Au lines 

were established by NIL between polymer lines. The polymer lines were thought to act as an 

inhibitor for spillover of adsorbed hydrogen atoms from Pt nanoislands in the vicinity of a 
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polymer line to the Au surface and vice versa (compare with Figure 4.4-6, p. 94). In detail the 

following results were achieved: 

 The applicability of Au substrates with NIL-nanostructured polymer lines in 

electrochemical measurements was successfully demonstrated: the polymer lines were 

stable and electrochemically inactive in the acidic electrolyte. 

 The electrocatalytic activity of Pt nanoislands on Au lines with a Pt coverage of 0.09ML 

is very similar to the activity of Pt(111). 

 A comparison of the electrocatalytic activity of Pt nanoislands on Au lines between 

polymer lines with the activity of Pt nanoislands on extended Au(111) surfaces for the 

HOR and the HER showed that no difference in activity can be seen for high Pt coverage 

(~0.2ML). In contrast, for low Pt coverage (~0.09ML) a decrease in activity by a factor of 

two was found for the Pt nanoislands on Au lines (compare with Figure 5.5-1). 

 

Figure 5.5-1 Pt-specific current density 𝑗𝑃𝑡,𝜂 for the HER at an overpotential 𝜂=-0.02V, 

plotted versus coverage for Pt nanoislands on extended Au(111) surfaces, for Pt nanoislands 

on Au lines and for Pt(111). Schemes of the different configurations of Pt nanoislands on the 

Au surface are included. 

These findings are as expected and can be interpreted in terms of spillover, the concept of 

which was explained in section 2.3.3 (p. 35ff.): When Pt coverage on the Au surface is high, 

spillover of adsorbed hydrogen atoms from Pt to the Au surface or vice versa may happen to 

some extent, but is not significant, due to the large Pt surface area. This is the case for sample 

PB3 with a Pt coverage of 0.2ML on the Au lines. For these and higher coverages the strain 

effect may be dominant. For smaller Pt coverage on Au lines, as in the case of sample PB4 (Pt 

coverage c=0.09ML), the amount of hydrogen atoms that spill over to the Au surface and vice 

versa is more significant. Following this reasoning, the sample with polymer lines (PB4) was 
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less active than the ones without polymer lines (Pt nanoislands on extended Au surfaces), 

because the polymer lines acted as a barrier and inhibited spillover. Since the activity of this 

sample (PB4) is comparable to the activity of Pt(111), spillover is the dominant effect at this 

and probably also at lower coverages. Furthermore, the width of the Au lines of 160nm is 

small enough to diminish or inhibit a considerable fraction of hydrogen spillover, when taking 

into account the optimum radius of the Au surface of 30-40nm surrounding a Pt or Pd 

nanoisland, as found by Wang and coworkers [42] (compare with section 2.3.3, p. 35ff.). 

These results can be discussed without consideration of strain, since the Pt-nanoisland size 

and coverage were practically equal for compared samples due to similar deposition routines. 

Thus, it was demonstrated that spillover influences the activity of Pt nanoislands on Au 

surfaces. Furthermore, the dimension of the Au surface surrounding a Pt nanoisland, which is 

necessary for spillover was determined to be in a range of 50 to 100nm. 
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6 Summary and conclusions 

The discussion of the electrocatalytic activity of different systems of Pt nanostructures on 

Au illustrated that the interdependence of Pt and Au is determined by several factors. One 

main factor was identified as the defect sites on the Au(111) surface. However, the 

defect-density effect, can have its origin in a different electronic structure of low-

coordinated metal atoms, such as a shift in d-band center and therefore altered adsorption 

energies, but also in facilitated hydrogen spillover at such sites. Hence, it is obvious, that 

several factors that determine the electrocatalytic activity are correlated and not easily 

separable. Nevertheless, this thesis showed that a quantification of the contribution of 

different effects is possible, by using different approaches, such as the variation of defect 

density of an extended Au(111) surface and the fabrication of nanometer-wide Au lines 

with Pt decoration. 

The overall objective of this work was to contribute to the fundamental understanding of 

the HER and HOR at Pt nanostructures on Au surfaces. This goal was pursued by 

application of different methods, starting from the conventional electrochemical 

technique of Pt deposition on extended single crystalline Au surfaces. The approach was 

expanded gradually, first of all, by generating defects on the Au surface and comparison 

of the measured electrocatalytic activities. Results of this work served as a basis for novel 

electrode structures, which were fabricated on the one hand by a micellar deposition of Pt 

nanospheres on an extended Au(111) surface. On the other hand nanoimprint techniques, 

i.e. NIL and nTP, were used to establish defined nanostructure arrays of Au, on which Pt 

was deposited electrochemically. 

A summarized analysis of the investigations on extended Au surfaces is presented in the 

following part: The electrocatalytic activity of Pt nanospheres on Au(111) was 

comparable to the electrocatalytic activity of Pt(111), but considerably smaller than the 

one of Pt nanoislands on Au(111). These results point out that the electrocatalytic activity 

of Pt is related to strain and/or spillover effect. 

A similar consequence was drawn from the analysis of the electrocatalytic activities of Pt 

nanoislands, which were deposited electrochemically on Au(111) surfaces. It was shown 

that their activity increases with decreasing coverage. In particular the activity of Pt 

nanoislands on Au(111) is higher than the activity of bulk Pt(111). Variation of the defect 
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density on the Au(111) surface at constant Pt coverage demonstrated an activity 

enhancement by a factor of two to three for Pt on defect-rich Au(111) when compared 

with defect-poor Au(111). The enhancement was attributed to the unique activity of Pt 

nanoislands on the lower terrace of Au(111) step/defect sites. 

Implementation of nanoimprint techniques in electrochemistry with the aim to generate 

ordered arrays of defined nanostructures was also successful. By depositing Pt 

nanoislands on 160nm-wide Au lines between polymer lines the spillover effect could be 

demonstrated: a comparison of these electrodes with Pt nanoislands on extended Au(111) 

electrodes showed a decreased activity of the polymer-line electrodes in the case of small 

Pt coverage. This is an indication for the diminishment of the spillover of hydrogen atoms 

to and from the Pt nanostructures (for HOR and HER, respectively) when polymer lines 

are present on the Au surface. Involved parameters, such as the ideal radius of the Au 

surface surrounding a Pt nanostructure and an influence of Pt coverage, as theoretically 

determined by Wang et al. [42], were confirmed. 

The utilization of Au nanostructures, which are limited in a second direction, i.e. by 

generation of Au pillars via nTP, was also successful: The applicability of such electrode 

structures in an electrochemical system was demonstrated. Hence, such a structure is 

suitable for the systematic evaluation of involved parameters, since the width of the Au 

pillars can be varied successively from a minimum of approximately 5nm to several 

hundreds of nanometers or even micrometers. 

As a consequence, the nanolithography techniques could be used to generate electrode 

structures with a maximum ratio of electrocatalytic activity to active material. Therefore, 

the utilization of nanoimprinted electrode structures in an electrochemical system is 

highly profitable. Moreover, the nanoimprint techniques are designed for large-scale 

application. Thus, the demonstration of the applicability of such electrode structures in 

electrochemical systems is also of industrial relevance: fast and efficient pattern transfer 

over large areas is possible with a roll-to-roll apparatus, which is already used for 

conventional printing. 

 

Once again it became clear that the considered effects, strain, defect density and spillover, 

contribute to the electrocatalytic activity and are related to each other. The investigations 

performed for this thesis demonstrated the separability of the involved effects by different 

nanostructuring methods. Hence, it is perceivable that new techniques, which yield 

increasingly defined surface structures, constitute an important factor for the 
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identification of the mechanisms underlying complex electrocatalytic reactions. In 

addition, advanced theoretical methods, such as DFT calculations accounting for 

electrolyte and electrode potential, can contribute to a fundamental understanding of 

electrocatalysis. 
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Appendix 

A1 Symbols and abbreviations 

A   surface area 

𝛼𝑎,𝑐   anodic, cathodic transfer coefficient 

AFM   atomic force microscopy 

𝑏   Tafel slope 

BCML   diblock copolymer micelle lithography 

CDL   double layer capacitance 

CE   counter electrode 

𝐶𝑂𝑥,𝑅𝑒𝑑(𝑥, 𝑡)  concentration of oxidizing, reducing agent at point x and time t 

CV   cyclic voltammetry/cyclic voltammogram 

DFT   density functional theory 

DOS   density of states 

𝐷𝑂𝑥,𝑅𝑒𝑑  diffusion coefficient of oxidizing, reducing agent 

𝑒   elementary charge 

𝜖   dielectric constant of electrolyte 

𝜖0   permittivity of the free space  

EC STM  electrochemical scanning tunneling microscopy 

EIS   electrochemical impedance spectroscopy 

𝐹   Faraday constant 

fcc   face centered cubic 

FRA   frequency response analyzer 

Δ𝐺, ( Δ𝐺0)  (standard) molar free energy of reaction 

Δ𝐺𝐻   free energy of hydrogen adsorption 

Δ𝐺𝑐,𝑎
≠ , ( Δ𝐺0𝑐,0𝑎

≠ ) (standard) cathodic, anodic activation energy 

𝜂   overpotential 

Δ𝐻   enthalpy of formation 

𝐻𝑎𝑑   adsorbed hydrogen atom  

hcp   hexagonal close packed 

HER   hydrogen evolution reaction 



124 

 

HOPG   highly oriented pyrolytic graphite 

HOR   hydrogen oxidation reaction 

𝐼0   exchange current 

𝐼𝑐,𝑎   cathodic, anodic current 

It    tunneling current 

𝑗0   exchange current density 

𝐽𝑂𝑥,𝑅𝑒𝑑   flux of oxidizing, reducing species 

𝑘𝑓,𝑏, (𝑘𝑓,𝑏
0 )  (standard) forward, backward rate constant 

ML    monolayer 

MSE   mercury sulfate electrode 

𝑛   number of transferred electrons 

𝑁𝐴   Avogadro constant 

NHE   normal hydrogen electrode 

NIL   nanoimprint lithography 

nTP   nanotransfer printing 

OER   oxygen evolution reaction 

ORR   oxygen reduction reaction 

𝜑   inner/Galvani potential 

𝜌   space-charge density 

RE   reference electrode 

rds   rate determining step 

RHE   reversible hydrogen electrode 

RTP   rapid thermal processing 

R   Ohmic resistance of electrolyte 

Δ𝑆   entropy of formation 

SHE   standard hydrogen electrode 

STM   scanning tunneling microscopy 

Θ, ΘH   coverage of adsorbed hydrogen on the electrode surface 

T   absolute temperature 

TM AFM  tapping mode atomic force microscopy 

Δ𝑈, ( Δ𝑈Θ)  (standard) potential difference between electrodes at open circuit 

𝑈Θ   standard electrode potential 

𝑈0   equilibrium potential 
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UHV   ultrahigh vacuum 

upd   underpotential deposition 

𝑣𝑓,𝑏   forward, backward reaction rate 

WE   working electrode 

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffraction 
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A2 Additional experimental details 

To section 4.1.1, p. 57ff.: Detailed table of Pt coverage on samples 1-16: 

Table 8 Comparison of Pt coverage on the different samples, determined via evaluation of 

the charge recorded during Pt deposition, hydrogen ad-/desorption, CO-adlayer 

oxidation and PtOx reduction. The mean coverage was calculated from all values listed, 

except Pt deposition coverage, which had a very large error. 

Sample 

name 

Pt coverage [ML], determined via Mean 

coverage 

[ML] 

Pt 

deposition 

charge 

Hydrogen 

ad-/desorp-

tion charge 

CO-adlayer 

oxidation 

charge 

PtOx 

reduction 

charge 

1 1.52±0.01 0.282±0.006 0.346±0.001 0.395±0.001 0.341±0.057 

2 0 0.059±0.006 0.041±0.001 0.045±0.001 0.048±0.010 

4 2.11±0.11 0.108±0.006 0.199±0.001 0.166±0.001 0.158±0.046 

5 0.398±0.063 0.101±0.006 0.159±0.001 0.113±0.001 0.124±0.030 

6 2.37±0.04 0.306±0.006 0.273±0.001 0.336±0.001 0.305±0.032 

7 0.233±0.032 0.127±0.006 0.183±0.001 0.154±0.001 0.155±0.028 

8 0.091±0.032 0.108±0.006 0.080±0.001 0.125±0.001 0.104±0.023 

9 0.060±0.032 0.106±0.006 0.066±0.001 0.099±0.001 0.091±0.021 

10 0.377±2.056 0.271±0.006 0.292±0.001 0.391±0.001 0.318±0.064 

11 0.044±0.021 0.057±0.006 0.045±0.001 0.057±0.001 0.053±0.007 

12 0.004±0.001 0.043±0.006 0.059±0.001 0.067±0.001 0.056±0.012 

13 4.42±0.01 0.570±0.006 0.591±0.001 0.659±0.001 0.606±0.046 

14 0 0.047±0.006 0.050±0.001 0.056±0.001 0.051±0.004 

15 4.72±0.01 0.754±0.006 1.17±0.01 1.06±0.01 0.996±0.217 

16 0 0.037±0.006 -- 0.059±0.001 0.048±0.016 
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To section 4.1.1, p. 57ff.: Higher negative current in first scan of hydrogen adsorption 

measurement compared with second scan: 

 

Figure 0-1 First and second scan of the hydrogen adsorption measurement for sample #2. 

In the first scan a negative peak occurs at 0.55V vs. SHE. The negative current starts to 

flow from a potential of 0.7V vs. SHE, which corresponds approximately to the onset 

potential for Pt deposition. Therefore, the current can be ascribed to the reduction of the 

adsorbed [PtCl4]
2-

-complex to metallic Pt. 

 

Error calculations 

Any errors corresponding to mean values are standard deviations. Errors of evaluated 

deposition, adsorption/desorption, oxidation/reduction charges are due to resolution limits 

in the current ranges of the used potentiostats. Errors of Ohmic drop R and double layer 

capacitance CDL are due to the error of the corresponding fits if not otherwise mentioned. 

Errors in HOR-kinetic currents are the sum of the RMSE error of the linear fit of t
0.5

-I 

curves and the error which is due to the selection of the time range, in which the fit is 

performed. The latter error implies the repetition of the fit routine for reasonable time 

ranges differing from the selected ones and calculation of the corresponding deviation. 

The error in Pt coverage values calculated by analysis of AFM-/STM-images is due to a 

sensible estimation of the error made by determination of the diameter of Pt 

nanostructures and by counting them. 
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A3 Publications 

Some results of this thesis were published previously: 

 B. Weiler, C. Ostermayr, U. Stimming, G. Scarpa, Nanostructured electrodes for 

electrochemical systems applications, in Fuelling the Future: Advances in Science and 

Technologies for Energy Generation, Transmission and Storage. Proc. The Energy 

and Materials Research Conference 2012 1, 293 (2012). 

 C. Ostermayr, U. Stimming, Electrocatalytic activity of platinum submonolayers on 

defect-rich Au(111), Surf. Sci., 631 (2015) 229 
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